
POSITIVE GAGING SYSTEM 

FEAS I B I L 1 TY STUDY 

F I NAL REPORT 

PERIOD, May 15, 1967 to November 15, 1967 

Cont rac t  No. NAS 9-6751 

Prepared for 

Houston, Texas 
NASA - MANNED SPACECRAFT CENTER 

I I  p g  
- 1  

by 
THE BENDIX CQRPORATION 

INSTRUMENTS & LIFE SUPPORT DIVISION 
Davenport, Iowa 

PUBLICATION NO. 3914.1-68-2 
AprII 17, 1968 



fnstrument3& 
Life support 
Division 

SECT I ON 

FORWARD 

ABSTRACT 

SECTION I 
SECTION I I 
SECTION I l l  

3, I 
3.2 
3.3 
3.3. I 
3.3.2 

3.3.3 
3.3.4 

3.4 
3.5 
3.6 
3.6. I 

SECTION I V  

4. I 
4.2 
4.2. I 
4.2.2 
4.2.3 
4.2.4 
4.3 
4.3. I 
4.3.2 
4.4 
4.4. I 

4.4.2 
4.5 
4.5. I 
4.5.2- 

TABLE OF CONTENTS 

INTRODUCTION 

PROGRAM OBJECT I VES 

THEORETICAL STUDIES 

INTRODUCTION 

PROPELLANT TANKS AND FUELS STUDIED 

PROPELLANT PROPERTIES STUDY 

LITERATURE SEARCH 

ELECTRICAL PROPERTIES AS A FUNCTION OF FREQUENCY 
AND TEMPERATURE 

SIMULATION OF ELECTRICAL PROPERTIES OF PROPELLANTS 

METHODS OF MEASUREMENT OF DIELECTRIC CONSTANT AND 
LOSS TANGENT 

TECHN IQUE A THEORY 

TECHNIQUE B THEORY 

TECHNIQUE C THEORY 

PREDICTED SYSTEM RESPONSE 

EXPERIMENTAL STUD I ES 

I NTRODUCT I ON 

DIELECTRIC PROPERTIES OF PROPELLANTS 

RESONANT CAVITY METHOD - PURE FLUIDS 

RESONANT CAVITY METHOD - DI  LUTE9 FLUt DS 

VON HliSPEC METHOD 

DIELECTRIC PROPERTIES OF BLADDER MATERIAL 

TECHNIQUE A EXPERIMENTATION 

TESTS CONDUCTED 

DISCUSSION 

TECHNIQUE B 

TESTS CONDUCTED 

DISCUSSION 

TECHNIQUE C 

TESTS CONDUCTED 

D I SCUSS I ON 

PAGE NUMBER 

I 
* *  
I I  

1 - 1  

2- I 

3- I 
3- I 

3-3 
3-3 

3-3 

3-9 

3-10 
3-30 
3-4 I 
3-4 I 
3-4 I 

4- I 
4- I 
4- I 

4-3 
4-4 
4-4 
4-1 I 
4-1 I 
4-14 
4-15 
4-15 
4-2 I 
4-2 I 
4-24 
4-39 



Instruments& 
Life Support 
Division 

SECT I ON 

SECTION V 

5. I 
5.2 

5.2. I 
5.2.2 

5.2.3 

5.3 

5.3. I 
, 5.3.2 
5.3.3 
5,3..4 

5.3.5 

SECTION V I  

SECTION V I 1  

7. I 

7.2 

SECTION V I I I  

TABLE OF CONTENTS (CONT I NUED 1 

IMPLEMENTATION OF THE RF TECHNIQUE 

INTRODUCTION 

SYSTEM CHARACTERISTICS OF RF GAGING TECHNIQUES 

TECHNIQUE A 

TECHNIQUE C 

TECHNIQUE 8 

COMPONENT CHARACTERISTICS 

RF OSCILLATOR AND SWEEP GENERATOR 

RF CABLES 

CIRCULATOR 

PROBES 

RF SIGNAL DETECTOR 

CONCLUS IONS 

RECOMMENDATIONS 

I NTRODUCT I ON 

HARDWARE OEVELOPMENT PROGRAM 

REFERENCES 

PAGE NUMBER 

5- I 
5- I 
5- I 

5-4 

5-6 

5-13 

5-13 

5-18 

5-19 

5-19 

5-2 I 

6- I 

7- I 

7- I 

8- i 



L I S T  OF FIGURES 

F I GURE NUMBER 

3- I 

3-2 

3-3 

3-4 

3- 5 

3-6 

3-7 

3-8 

3-9 

3-10 

3-1 I 

3-12 

-3-13 

3-14 

3- I 5  

3-16 

3-17 

3-18 

3-19 

3-20 

3-2 I 

3-22 

3-23 

3-24 

3-25 

SIMULATED STORAGE TANK 

IDEALIZED E' VERSUS FREQUENCY GRAPH FOR A NON-POLAR 
TRANSPARENT MATERIAL 

IDEALIZED E '  VERSUS FREQUENCY GRAPH FOR A POLAR 
TRANSPARENT MATERIAL 

DIELECTRIC MEASUREMENT USING RESONANT CAVITY AND 
TRANSMITTED POWER TECHNIQUE 

DIELECTRIC MEASUREMENT USING RESONANT CAVITY AND 
REFLECTED POWER TECHNIQUE 

APPARATUS FOR ROBERTS-VON HIPPEL METHOD 

TEOII MODE RESONANT STRUCTURE FOR DIELECTRIC MEASUREMENT 

FIELDS OF TEOII MODE I N  RIGHT CIRCULAR CYLINDER 

CYLINDRICAL RESONATOR COORDINATES 

PARTIALLY FILLED CYLINDER 

PARTIALLY FILLED RECTANGULAR CAVITY 

THEORETICAL LOADING DEPENDENCE - RECTANGULAR CAVITY 
I - 4 GHz 

CIGAR-SHAPED TANK 

PARAFFIN LOADING SPACECRAFT TANK 

RE-ENTRANT TANK 

PARAFFIN LOADING INVERTED DOME TANK 

BENZENE LOAD I NG RECTANGULAR TANK 

TECHNIQUE A FOR CYLINDER 12" DIA.  BY 36" LONG, 
HEMISPHERICAL ENDS 

SYSTEM Q EFFECT ON LOADING STANDARD CYLINDRICAL TANK 

N204 RESPONSE, HIGH Q TANK, TECHNIQUE B 

AEROZINE 50, MMH RESPONSE, HIGH Q TANK, TECHNIQUE 3 

AEROZINE 50, MMH RESPONSE, LOW Q TANK, TECHNIQUE B 

N204 RESPONSE, HIGH Q TANK, TECHNIQUE B 

AEROZINE 50, MMH RESPONSE, HIGH Q TANK, TECHNIQUE B 

AEROZINE 50, MMH RESPONSE, LOW Q TANK, TECHNIQUE B 

PAGE NUMBER 

3-2 

3-6 

3-8 

3-12 

3-13 

3-17 

3-20 

3-22 

3-23 

3-25 

3-3 I 

3-32 

3-34 

3-35 

3-36 

3-37 

3-38 

3-39 

3-40 

3-42 

3-43 

3-44 

3-49 

3-50 

3-5 i 



L I ST OF F IGURES (CONT I NUED 1 

F I GllRif i 'IJMBER 

3-26 

4- i 

4-2 

4-3a 

4-3b 

4- 4 

4-5 

4- 6 

4-7 

4-8 

4- 9 

4-10 

4-1 i 

4-12 

4-13 

4- i 4 

4-15 

4-16 

4- I 7  

4-18 

4-19 

4-20 

4-2 I 

AEROZiNE 50, MMH RESPJNSE, LOW Q TANK, LOW LOSS 
FREQUENCY REGION FOR DIELECTRICS, TECHNIQUE C 

EXPER I MENTAL SETUP [:OR RESONANT CAV I TY METHOD 

EXPER I MENTAL SETUP FOR D I ELECTR I C PROPERT I ES 
MEASUREMENT 

LOSS TANGENT OF METHYL ALCOHOL VERSUS FREOUENCY 

DIELECTRIC CONSTANT OF METHYL ALCOHOL VERSUS FREQUENCY 

COAXIAL HOLDER FOR BLADDER SAMPLE - 2 - 4 GHz 
FREQUENCY RANGE 

BLOCK DIAGRAM FOR EXPERIMENTAL SETUP- 2 - 4 GHt 
FREQUENCY RANSE 

HOLDER FOR BLADDER - 8 TO 12 GHz FREQUENCY RANGE 

BLOCK DIAGRAM OF EXPERIMENTAL SETUP - 8 TO 12 GHz 
FREQUENCY PANGE 

EXPERIMENT.4L SETUP FOR PRELIMINARY SYSTEM TESTS ON 
TECHNIQUE A 

SINGLE ANTENNA EXFERIMENTAL SYSTEM 

STATiC LOADING - SPS TANK 

EXPERIMENTAL SETUP FOR TECHNIQUE C ON SPS TANK 

VERTICAL LOADiNG TEST - SPS TANK 

LOAD I NG TEST - CY L I NDRl CAL TANK, FLAT ENDS, FREQUENCY 
2 - 4 GHz, MODULATION I MHz 

LOADING TEST - CYLINDRICAL TANK, FLAT ENDS, FREQUENCY 
4 - 6 GHz, 

LOAD!NG TEST - CYLlNDRiCAL TANK, FLAT ENDS, FREQUENCY 
2 - 4 GHt, NO MODULATION 

LOADING TEST - CYLINDRICAL TANK, FLAT ENDS, FREQUENCY 
4 - 6 GHt, MODULATION I MHt 

STISTIC LOADING - SPS TANK, TECHNIQUE B 

STATIC LOADING - SPS TANK, TECHNIQUE C 

EFFECT OF KEL-F ANTENNA GUARD, TECHNIQUE C 

STATIC LOADING - SPS TANK, TECHNIQUE C, PROBE ANTENNA 
OUT OF L I Q U I D  

I N  L I Q U I D  

NO MODULATION 

STATIC LOADING - SPS TANK, TECHNiQUE C, PROBE 

PAGE NUMBER 

3-52 

4-2 

4-3 

4-6 

4-7 

4-8 

4-9 

4-10 

4-10 

4-1 1 

4- I2 

4-13 

4-15 

4- I 6  

4- I 7 

4-18 

4-19 

4-20 

4-22 

4-23 

4-25 

4-26 

4-28 



Instruments& 
Life support 
Division 

L I S T  OF FIGURES (CONTINUED) 

F I GURE NUMBER PAGE NUMBER 

4-22 STATIC LOADING - SPS T.(\NK, TECHNIQUE A, PROBE 4-30 
ANTENNA OUT OF L IQUID 

ANTENNA I N  L I Q U I D  
4-23 STATIC LOADING - SPS TANK, TECHNIQUE A, PROBE 4-3 I 

4-24 STATIC LOADING - SPS TANK, TECHNIQUE C, LOOP 
ANTENNA OUT OF L IQUID 

ANTENNA I N  L I Q U I D  

ANTENNA OUT OF LIQUID, BETTER COUPLING 

ANTENNA OUT OF LIQUID, BEST COUPLING 

ANTENNA I N  L I Q U I D  

OF L I Q U I D  

4-25 STATIC LOADING - SPS TANK, TECHNIQUE C, LOOP 

4-26 STATIC LOADING - SPS TANK, TECHNIQUE C, LOOP 

4-27 STATIC LOADING - SPS TANK, TECHNIQUE C, LOOP 

4-28 STATIC LOADING - SPS TANK, TECHNIQUE C, LOOP 

4-29 VERTICAL LOADING TEST - SPS TANK, ANTENNA OUT 

4-32 

4-34 

4-35 

4-36 

4-37 

4-38 

4- 30 VERTICAL LOADING TEST - SPS TANK, ANTENNA I N  L I Q U I D  4-40 

4- 32 ANGljLAR LOADING TEST - SPS TANK, ANTENNA I N  L I Q U I D  4-42 

5- I BLOCK DIAGRAM OF RF GAGING SYSTEM 5-2 

5-2 MULTIPLE TANK EXCITATION 5-3 

4-3 I VERTICAL LOADING TEST - SPS TANK, NO ANTENNA 4-4 I 

5- 3 RF OSCILLATOR SWITCHING FOR MULTI-RANGING OF 
GAGING SYSTEMS 

5-4 

5- 4 MASS INACCURACY - TECHNIQUE A 5-5 

5-6 % NORMALIZED RESPONSE - TECHNIQUE C 5-7 

5- 7 MASS INACCURACY, TECHNIQUE C 5-a 

5-8 TECHNIQUE B GAGING SYSTEM 5-9 

5-9 NORMALIZED RESPONSE - TECHNIQUE B 5-10 

5-10 MASS INACCURACY - TECHNIQUE B 5-1 I 

5-1 I BENDIX SOLID S'1TE OSCILLATOR 5-12 

5-12 TRANSISTOR OSCILLATOR SCHEMATlC DIAGRAM 5-14 

5-13 TYPICAL VARIATIONS I N  OUTPUT POWER FOR TWO TAP POSITIONS 5-16 

5-14 OSCILLATOR TUNING CURVE 5-17 

5- I 5  BASIC CIRCULATOR 5-20 

5-5 TECHNIQUE C 5-6 



L I S T  OF TABLES 

TABLE NUMBER PAGE NUMBER 

3- I MEASURED DIELECTRIC PROPERTIES OF PROPELLANTS 

3-2 EXTRAPOLATED ELECTRICAL PROPERTIES OF PROPELLANTS 
FROM 0.5 TO 4 GHz 

COMPUTED RESONANT FREQUENCIES OF THREE TEST CAVITIES 3-3 

3-4 RESONANT CAVITY PARAMETERS 

3-5 CAVITY DIMENSIONS FOR 2 GHt OPERATION 

3-6 LOADING DEPENDENCY - RECTANGULAR CAVITY 

3-7 RESPC)F.?SE OF N204 

3-8 AEROZINE 50, MMH RESPONSE 

3- 9 AEROZINE 50, MMH RESPONSE 

3-10 AEROZINE 50, MMH RESPONSE 

4- I 

4-2 

4-3 

STANDING WAVE RATIO DATA FOR 3/8" SPACER FOR METHYL 
ALCOHOL, I N  THE 2 - 4 GHz REGION 

TRANSMITTED POWER FOR A FREQUENCY RANGE OF 
2 TO 4 GHt 

ATTENUAT I ON CHARACTER I ST I CS C f  BLADDER SAMPLE 

INTERNAL HARDWARE 
4-4 LOADING DEPENDENCE - SPS TANK EXCLUSIVE OF ALL 

4- 5 RESPONSE FOR A 50% LOADING TANK AT VARIOUS ANGULAR 
POSITIONS TO VERTICAL 

INTERNAL HARDWARE 
4-6 LOADING DEPENDENCE - SPS TANK INCLUSIVE OF ALL 

4-7 

4-8 

4-9 

STATIC LOADING TEST - SPS TANK - TECHNIQUE B 

LOADING DEPENDENCE - TECHNIQUE C 

STATIC LOADING TEST - SPS TANK - TECHNIQUE C 

4-10 TECHNIQUE A RESPONSE FOR PROBE 1N.AND OUT OF L I Q U I D  

4-1 I 
4-12 STATIC LOADING TEST - SPS TANK - RADOME PROBE GUARD 

4-13 STATIC LOADING TEST - SPS TANK - LOOP ANTENNA 

STATIC LOADING TEST - SPS TANK - TECHNIQUE C 

3-4 

3-5 

3-16 

3-29 

3-30 

3-33 

3-45 

3-46 

3-47 

3-48 

4-5 

4-8 

4-9 

4-12 

4-14 

4-14 

4-2 I 
4-24 

4-27 

4-29 

4-29 

4-33 

4-33 



FOREhORD 

This  F ina l  Report was prepared by t he  Instruments and L i f e  Scpport D iv i s ion  of  f 
t he  Bendix Corporation under Contract NAS 9-6751, "Tr. Invest igate b i d  Design a 
Rad lo Frequency (RF) Mass Gaging Techn i que I ndependen'. of  Grav i t y t t  I 
was administered under the d i r e c t i o n  of the  National ri:,ronautics a r 2  Space 
Admin is t ra t ion Manned Spacecraft Center, 

'The wcirk 

This  repor t  covers work conducted from May 15, 1967 to i'!wember 15, 1.3:,7. 

Prepared by r A a  -_ --- 
1. A .  L c f t u  
Pro jec t  Eng i neer 

A p p roved by 

8 .  A .  Pausfian 
Adm i n i s t r a  :I ?'e Eng i pee. 

D i  rec to r  o f  5-g i nee:- ' i 9 

Pub l ica t ion  No. 3914.1-68-2 

i 



ABSTRACT 

This  repor t  documents the  work performed i n  a pos1tive:gaging system f e a s i b i l i t y  
study. 
experimental ly, t o  determine t h e i r  c a p a b i l i t y  t o  gage the  propel lants,  N204, 
Aerozine 50 and MMH, i n  Apol lo o r  LEM spacecraf t  tanks. 

Three RF techniques crf mass gaging were studied, both t h e o r e t i c a l l y  and 

The thso re t i ca l  work, o red ic ts  the  response o f  each technique r e l a t f v e  t o  the  
propel lants  and tanks. The experimental evaluat ion of +his  theory was performed 
using a scala model SPS tank, and a N2O4 simulant, A study was a l so  made Q: t he  
d i e l e c t r i c  p roper t ies  o f  t he  propel lants  over the  expected range of  opera-ling 
condft ions,  
expected cha rac te r i s t i cs  and components needed f o r  t he  f l f g h t  implementation of  
each of the  techniques, 

F ina l  ly, a p re l  iminary speci f  l c a t i o n  was made o f  t he  system's 
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SECTIW I 

I NT#ODUCT I ON 
WL'l 

The Bend i x  Corporation, I n s t r w h t s  4 L i f e  Support Oivltlon, respec44.veI-y subrni+s 
t h i s  f i n a l  repor t  t o  the Monned Spacowaft Censor (mC) t o  document the  progress 
made during the  per iod May 15, 1%; to  Wovombor IS, 1967, on NASA ContracS 
NAS 9-6751, ''To I nves t i g r to  red  &sign 0 Radio +roqumcy (RP) Mass Gaging 
Technique Indopendont of Gravity".  
based on the propesod pmgrm plan s u k l t t o d  as a portlon of Bondix Pub l ica t ion  
No. 3564-66, Ravisiott A, nTechnlc i l  Proposal For b s t t l v o  w i n g  System Fsrslbllity 
Study", Option A, as rnodifled by l o t t o r  d&od February 3, 1967. 

Tho wek p o r f s m d  undor t h i s  cont rac t  Is 

Gonclusiofis WI +ha p o r f o m m  ct a pmprod Rf gaging syrtm besod on tho con- 
copts inves9l$rtod, and y m t l o n r  tor design, da.roio)wn* 0t4 fu tu ro  
ovaluafion, w o  mads i c i  th f r  wt krod on tha  rosul ts  of tb analysis and 
oxperfmonta mQut fad d u r ? q  tb i twmt fga t l on .  



SECTION ? I  

PROGRAM OBJECTIVES 

Performance requirements and design objectives f o r  the  propel l an t  mass gaging 
system studied dur ing t h i s  program were based.on'the design goals  ' l i s ted  below: 

a)  The system w ?  I I have a mass gaging accuracy of .f 0.5% of fur I 
scale, varying l i n e a r l y  t o  0.25% of Iu l l  scale a t  t h e  10% f u l l  
cond i t ion  mainta in ing 0.25s of full scale down t o  zero. The 
system's maximum response t ime tfor a single measurement) w i  1 I 
be 0.2 second and the system w i 4  i have a reso lu t i on  of f 0. I% 
of f u l  I scale. Th is  accuracy w i t  I be maintained under Zero %" 
as welf as normal g r a v i t y  condifions, and under a l l  f i l l i n g  and 
operat ing condi t ions.  

b) The system *.i I I be compatib!e vi$h hpof lo or LEM propel lants, 
which ai-e N204-oxidizer, 50s UD%l{SO% Hydrazine and W H  fuels. 

The system w i l l  be designed te be capable of easy tank i n s t a l l a t i o n ,  
requ i r i ng  a minimum of mod i f i ca t i on  i n  existing Apollo o r  LEM 
tank hard ware. 

c) 

d )  The system accuracy w i l l  be maintained independent of tank 
pressu6e and f l u i d  temperafures of 0 So 300 psia and +40 
t o  +90 F respect i vel y. 

e) To make the systm, compatible w i t h  man-rated spplfcations, the 
sys+,.n will have a design goat of m e t i n g  the  fo l l ow ing  v l b r a t i o n  
and accelerat ion requirements: 

m . t i o n  kcel e r a t  ion 

0 - I4 cps 8 I g 

IOQ - 2500 CPS e 40 g 's  

14 .. 40 CPS 6 I O  g 's  
40 - 100 CPS 20 g's  

0 - 12 g's fn any directton 

Only an analysls showtng cmpetabitfty will be performed to show t h a t  
these goals can be me+. 
for t h i s  purpose. 

Tesiing of +he prototypes w i l l  not be performed 

f )  The s y s t ~ m  w i l i  have a maximum weighf of fifty (50) pounds, excluding 
interconnec4ing cables. Every e f f o r t  w l l l  be mads t o  reduce t h e  
system weight below f i f t y  (5C pounds. 

g) The system power requirements w i l l  k I' l < ;  DC, I ampere continuous 
and w i  I I be I imited to  5-secc~.r',5 + '  .t**-.-'s, 



h) The system output w i l l  be p a r a l l e l  and s e r i a l  b ina ry  s ignals,  

1 )  The system w t  I I be adaptable t o  a v a r i e t y  of cy1 l n d r l c a l  and/or 
spher ical  tanks o r  o ther  tank geometries as spec i f ied  by t he  
cont rac t ing  agency. 
s a t i s f y  these spec i f ied  requirements, t he  e f f e c t s  of  the de f i c ienc ies  
w i l l  be deta i led.  

Where the  proposed gaging technlque does not  

j) The system w i l l  inc lude the c a p a b l l i t y  of p rov id ing  mass gag 
t o  four  separate tanks. 

Aadi t ional  program ob jec t ives  are  covered In  t he  proposal referenced 

ng for  up 

n Section 1 .  

2-2 



SECTION I l l  

THEORETICAL STUDIES 

3.1 INTRODUCTION 

The operat ional  theory o f  techniques iised t o  measure p rope l l an t  mass content 
i n  spacecraft tanks i s  covered i n  t h i s  section. Also included i s  a discussion 
o f  a n a l y t i c a l  techniques used t o  de.termine t h e  e l e c t r i c a l  proper t ies o f  space- 
c r a f t  propel lants.  The mass gaging techniques t h a t  are invest igated have as a 
comon Character is t ic ,  e x c i t a t i o n  (by i l l u m i n a t i o n )  of  the  fue l  o r  o x i d i z e r  
tanks w i t h  energy i n  the  RF region o f  t he  electro-magnetic spectrum. 
technique I nvast igated, has been shown t o  have advantages and disadvantages f o r  
a p a r t i c u l a r  fue l  o r  o x i d i z e r  because t h e  c h a r a c t e r i s t i c  response o f  each 
proposed gaging system depends i n  d i f f e r e n t  way on the  d i e l s t r i c  and loss 
tangent propert ies.  
mass measurement may show a poor s e n s i t i v i t y ,  another may have a good s e n s i t i v i t y .  
An understanding o f  these d i f ferences can be used t o  i s o l a t e  techniques which 
g ive the  best s e n s i t i v i t y  f o r  each f?lel o r  oxidizer., 

Also ou t l i ned  i n  t h i s  sect ion are t h e  propel lants  and tank conf igurat ions con- 
stdered i n  t h i s  study. 
supplement the  t h e o r e t i c a l  analysts and.,evaluate proposed gaging techniques 
are presented In Section I V .  

Each 

Thus f o r  a p a r t i c u l a r  propel lant ,  where one technique f o r  

The r e s u l t s  of experl'ments t h a t  were performed t o  

3.2 FWF'ELLWT TANKS AND FUELS STUDIED 

The p rope l l an t  tanks Studied, were those lrsed on t h e  Apol lo o r  LEM spacecraft.  
A p a r t i c u l a r  tank conf igurat ion,  ?-ha+ o f  t h e  SPS tanks, was chosen as a "worst" 
type, containing the  elements shown i n  Figure 3-1. 
was termed worst k a u s e  o f  t h e  presence of pipes, screens and t h e  sump region, 
which e l e c t r i c a l l y  i so la ted  regions of t h e  tank. Another s t ruc tu re  included 
as a poss1bl;s tank e l e m n t ,  was a bladder used f o r  p o s i t i v e  p rope l l an t  expulsion. 
A representat ive por-tion o f  bladdbr mater ia l  was obtained from the  contract ing 
agency for evalaat ion o f  i t s  e f f e c t  on t h e  system performance. 

The f l u i d s  t o  be used i n  t h e  tanks were N204-oxidi zer, 50% UDMH/50% Hydrazine 
and MMH fuels.  
t he  physical and e l e c t r i c a l  propsr t tes o f  these f l u i d s  were simulated using 
mixtures o f  hyd-ocarbon f l u i d s .  
e l e c t r i c a l  proper t ies s i m i l a r  t o  the  actual  f u e l s  and ox id i ze r .  

A tank operat ing region from 0 t o  300 ps ia and 4-40 t o  t.90 F, was g.iven by MSC 
as representat i ve o f  t he  thermoi nam i c env i ronment o f  t he  ox i  dbzer and i f  uo I s. 
A pressure range of  I ATM t o  I O  ' t o r r  and temperatures o f  +40 t o  +90 F, 
was taken as the  environment i n  the  equipment bay region. 

The fank con f igu ra t i on  

Because o f  t he  handling problems associated w i t h  these f l u i d s ,  

The simulant f l u i d s  were selected t o  have 

0 0 

3- I 
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Vibra t ion  and accelerat ion were given 

V i  b ra t ion  

0 - 14 CPS d I g 
14 - 40 CPS 8 I O  g ' s  
40 - 100 CPS Q 20 g 's  

100 - 2500 CPS @ 40 g ' s  

The f l u i d  mass i n f l u x  or o u t f l u x  cond 
present for  a l l  f i l l i n g  and operat ing 
c f  0.5% of f u i  I tank mass change i n  0 
t i,ne response goa I s. 

as fo l lows:  

Accelerat ion 

0 - 12 g ' s  i n  any d i r e c t i o n  

t i o n s  i n  t h e  tank were given as those 
condi t ions.  These were taken as a maximum 
2 second t o  agree w i th  the  accuracy and 

3.3 PROPELLANT PROPtRTiES STUDY 

Because the  s e n s i t i v i t y  of  t h e  mass gaging techniques depends on t h e  d i e l e c t r i c  
ccnst -7t  and loss tangent o f  t he  propel lants,  a knowledge o f  these prope l lan t  
p roper t ies  over the  frequency and mvironmental  range o f  i n t e r e s t  was v i t a l  t o  . .  
t h i s  study. Th is  sect ion 
I ocate ava i I ab I e i nformat 

3.3.1 L i t e r a t u r e  Search 

A search was made o f  a1 
proper t ies of Ni t rogen 

d e t a i l s  t he  thorough effo;t t h a t  was made t o  e i t h e r  
on o r  t o  measure these d i e l e c t r i c  propert ies.  

ava i l ab ie  technica l  informat ion concerning the  
etroxfde, Aerozine 50 and Monomethyl Hydrazine. 

Tiw main sources of lphysical  and-chemical p roper t iqs  were +he keports by the  
Aerojet  Corporation and the  B e l l  Aerospace Report but  these d i d  no t  conta in  
informat ion concerning +he e l e c t r i c a l  propert ies.  
published work o f  value was authored by Go A. Burns and C, J, Meierbachtol , 
who measured t h e  e l e c t r i c a l  prope;ties o f  these f i u i d s ,  a t  frequencies o f  
approximately 100 MHz and 600 MHz. An e x t r a c t  from t h e i r  repo r t  i s  shown i n  
Table 3-1. He l i x  Research, Inc. (Burns and Meierbachtol) were employed as 
consul tants by Bendix, Instruments 8, L i f e  Support D iv i s ion  t o  t h e o r e t i c a l l y  
invest igate the  equivalent e l e c t r i c a l  p roper t ies  o f  t h e  f l u i d s  a t  frequencies 
i n  t h e  range o f  500 MHz to  4 GHz. An e x t r a c t  o f  t h i s  informat ion i s  shown 
i n  Table 3-2, These r e s u l t s  a re  f o r  l i q u i d s  under atmospheric pressure. 
There i s  a v a r i a t i o n  o f  d i e l e c t r i c  constant and loss tangent w i t h  pressure as 
well  as temperature, dnd t h e  r e s u l t s  should be p lo t ted  as a v a r i a t i o n  of 
p o l a r i z a b i l i t y .  

I n  t h i s  f i e l d ,  t he  only3 

3,3,2 E l e c t r l c a i  Proper t ies as a Function o f  Frequency and Temperature 

I n  the  discussion t h a t  fol lgws, equations are  presented wi thout  proof i n  the  
i n t e r e s t  of b rev i ty .  Debye der ived the  fo1iot:ing equations based on t h e  
assumption tha? d ipo le  equi l ibr ium,  when an external  f i e l d  i s  removed, i s  
a t ta ined expot lEat ia l ly  w i th  time, 

E - €= 
0 

(3. I )  
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where: E)  and E" = respectively the real and imaginary parts of complex 
re la t lve  dielectr ic  constant (i.es, E* = E' - iE1 ' )  

c = fhe s ta t ic  d ie lec t r ic  constant 

cOD = the value which Is asymptotically approached by E ?  a t  
0 

wavelengths suff ic lent ly shorter than Am t o  make E'' 

re lat tvely small 

absQrp+tan f requmcy 0 n the materf a I i n quest ion 
Am = the wavelength correspondlng t o  the lowest resonance 

X = the wavelength o f  the incident radiation. 
9 

TABLE 3-1 

MEASURED 0 1 ELECTR 1 C PROPERT I ES OF PROPELCANTS 

MATER I i iL 

- 
Aerozine 50 

MMH 

N2°4 

FREQUENCY 

MHZ 

19.69 

22.55 

23.90 

81.84 

87. I 4  

107.68 -~ 
19.lM 
22.17 
24.21 

27. lb  

78.18 

' 05.87 

96.03 

106.26 

.-I 

63.76 

64 . 96 

256.60 

258.20 

-~ 

TEMPERATURE 

OF 

30 
93 

c TO 
30 

.90 
I so - 30 

30 

90 

I50 

-30 
+30 
90 

I50 

30 

60 
30 
60 

~ ~~ 

. DIELECTRIC 
CONSTANT 

25.79 

19.66 

17.51 - 

23.89 

21.07 

13.80 

25.3 

20.34 

17.06 

1 3 ~ 6 2  

26.18 

21.70 

17.35 

14.17 
- ~ -  ~~~~ 

2.46 

2.37 

2,43 

2.40 

LOSS 
TANGENT 

0.136 

0. I54 

0.226 

0.0393 

0.0463 

0.0524 

0.0247 

0.0517 

0.0817 

0, IO66 

0 0349 

0.0298 

0 0328 

0 . 0468 

0.00419 

0.00297 

0 . 00259 

0.00209 

3-4 



TABLE 3-2 

EXTRAPOLATED ELECTR I CAL PROPERT I ES OF PROPELLANTS FROM 0.5 TO 4 GHZ 

- 

MATER I AL 

4 GH z 

Aerozine 50 

MMH 

Z 
500 MH 

I GHz 

I GHZ 

4 GHZ 

6 GHZ 

FREQUENCY 

5(10 MHZ 

500 MHZ 

I GHZ 

I GHZ 

4 GH 

4 GHZ 

500 MHZ 

500 MH 

I GH 

I GHZ 

4 GH 

z 

z 

Z 

Z 

TEMPERATURE 
F 

40 

90 

40 

90 

40 

90 

40 

90 

40 

90 

60 

90 

40 

90 

60 

90 

60 

DIELECTRIC 
CONSTANT 

24 36 

20.36 

23.96 

2-0.30 
23.72 

20.26 

21 .oo 
17.48 

21.24 

17.78 

21.76 

18.08 

2.428 

2.368 

2 e 434 

2.384 

2,442 

2,618 I 90 

LOSS 
TANGENT 

0 0220 

,0332 

D01'78 

e 0256 

.OISO 

. OI  64 

---- 

e 0232 

,028 I 

.0176 

.0206 

.0133 

. O i  52 

e 00207 

.00155 

,001 74 

. 00 I 34 

,00125 

,00107 

The values f o r  c0 and coo may be expressed by Debye form o f  t h e  Clauslus- 
Mossott i  equation: 

2 
€ - I  M 4nN P 

E + 2  p 3 3kT 
(ao I- - 1 (3.3) - = -  0 

0 

- I  M 4 N  

+ 2  P 3 
c1 - =  - 
0 

(3.4) 
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where: a = the  p o l a r i z a b i l i t y  
po la r izab i  I i t y  due 

u = the  permanent d ip0 
N = Avagadrols number 
k = Bo1 tzman's constan 
T = the  temperature i n  
M = molecular weight 
p = densi ty  

Two cases may be considered: 

2 
due t o  bond d i s t o r t i o n  arid i s  
t o  d ipo le  o r i e n t a t i o n  
e moment 

degrees Kelv in  

a) Non-Poiar Mater ia ls  (Mater ia ls  whose molecules do not  contain permanent 
d ipo les) ,  

- E-. Here the  lowest resonance absorpt ion frequency f a l l s  i n  t h e  
f8 f ra red  region and i s  due Po molecular bond o s c i l  l a t i o n s  as shown i n  
Figure 3-2, 

I n  t h i s  case u = 0 and Equations 3.3 and 3.4 r e s u l t  i n  - 

When such i s  th? case, E- may be se t  equal t o  t h e  square o f  the  index 
of r e f r a c t i o n  n , i n  Equations 3.1 and 3 .2 ,  I t  may be seen from 
Equations 3 , l  and 3.2 t h a t  t he  v a r i a t i o n  of E '  and E" due t o  changes 
i n  temperature and pressure a re  due on ly  t o  the  f a c t  t h a t  p i s  a func t ion  
of T and p. 
be found i n  the  l i t e r a t u r e .  

Coe f f i c i en ts  of thermal expansion and compress ib i l i t y  may 

b)  Polar Mater ia ls  (Mater ia ls  whose mo;ecules conta in  permanent d ipo les)  
I n  t h i s  case the  lowest gbsorptior, frequency f a l l s  i n  the  microwave 
region and i s  due t o  d ipo le  o r i e n t a t i o n  i n  the  external  f i e l d  as shown 
i n  Figure 3-3, 
a re  wr i t ten.  
a i s  not  known. The best so lu t i on  i s  t o  d i r e c t l y  measure it a t  
fpequencies s u f f i c i e n t l y  h igh t o  insure t h a t  t h e  cond i t ion  i n  the  
d e f i n i t i o n  o f  E . ~  fo l low ing  Equation 3.2 i s  met, 
be t o  measure E. i n  the  s o l i d  s ta te  where the  permanent d ipo les are 
e f f e c t i v e l y  "fr8zen Int1, and do not  -con t r ibu te  t o  the  po la r i za t i on  or,  
measure E~ a t  s u f f i c i e n t l y  high temperatures t o  insure cance l la t ion  of 
d ipo le  o r i e n t a t i o n  i n  the  external  f i e l d  by t h e  'tendency toward random 
o r ien ta t l on  due t o  thermal motion, 

Under t h i s  cond i t ion  Equations 3.3 and 3.4 Itold as they 
A problem a r i ses  i n  evaiuat ing cm, however, s ince genera l ly  

Other methods might 

It- may be seen from Equation 3.3 t h a t  when a permanent d ipo le  ex is ts ,  
t he  po r t i on  of the  po la r i za t i on  due t o  d tpo le  o r i e n f a t i o n 2 i s  an Inverse 
funct ion o f  the  temperature, Solv ing Equation 3.3 for Am , we have: 

Evn:~ when E~ and c are  known e i t h e r  from Equations 3 . 3  and 3 .4 ,  or 
from experiment, cy i s  s t i  I I some unknown func t ion  o f  temperature. 
Therefore, even i f  e t  were known for the  e n t i r e  r a d l s  frequency spectrum 
a t  a given temperature, the value o f  Am a t  some new temperature cannot 
be predicted wi thout  a t  least- one measurement of  E'  a t  the  new temperature. 
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3 , 3 , 3  Simulation of E l e c t r i c a l  Prop-irt ies of Propel lan ts  

it is desi rab le t o  be able t o  approximate ihhe d i e l e c t r i c  constant and loss 
tangent of  c e r t a i n  p rope l lan ts  by room-temperature mixtures -+hat e l im ina te  
hand1 lng problems, 
constant) w i th  a nonpolar I iqu ld  (relatively low d t e l e c t r i c  constant) .  By 
cho6slng proper propor t lons I n  the mixture, temperature and frequency, almost 
any desired combination of  d i e l e c t r i c  constant, and loss tangent may be 
obtalned, provided they f a i l  somowkero between -the values of the cons t i tuent  
I Iqulds. 

They may be done by mixing a po la r  I iqu id  (h lgh dielectric 

Equattons 3 , 3  and 3.4 may be r e w r l t t e n  f o r  such mixtures as: 

n 
4 

c i p l  & - I  

E + 2  3 2 2  
0 - - -  4aN ( C , U i  + + c 0 1 
0 

(3.6) 

whore C, and C, are the  mols f r ac t i ons  (moles per u n i t  volume) of the polar  
and nonpolar l i q u i d s  respsct lve ly .  

I t  may be shown t h a t  Equatlons 3.1 and 3*2 may be rnodlfled for such I case 
as: 

2 

27 kT 

(EO t 2 )  (ea + 2.) 
( 3 . 8 )  4nC I 4  -- E' = f, i -- 

where C Is ,the concentrat ion of the  po la r  solute i n  moles per u n i t  volume, 
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I t  must be noted t h a t  t he  above equations were der ived wi thout  regard t o  so- 
c a l l e d  ''Solvent EffecP", This  e f f e c t  aucaunts f o r  the measured d i f f e r e x e s  
i n  the values f o r  d ipo le  moments i n  gases and i n  so lu t ion ,  The d i f f e rence  i s  
ccuse-i by the  i n te rac t i on  of  the  f i e l d s  o f  permanent d ipo les  and by ,the 
induct ion o f  d lpo les i n  nonpolar molecules due t o  f i e l d s  o f  nearby permanent 
dipoles,, 

I n  Equations 3*3,. 3.4, 3.6 and 3 . 7  values f o r  0; and v should be regarded as 
average microscopic values a t  t he  temperature and concentrat ion i n  qlrestion. 
Thus, t ho  previous assumption t h a t  these values " re  constam i s  t r u e  on ly  f o r  
a given mixture, Gecause o f  solvent e f fec t ,  Equations 3.1) and 3.9 are accurate 
on ly  f o r  d i l u t e  so lu t ions  o f  po la r  so lutes i n  nonpolar solvents. In more con- 
centrated solut ions,  the  equations can on ly  provide approximate porpor i ions t o  
begin experimental mixing t o  achieve s p e c i f i c  values. 

I t  can be shown t h a t  from Equations 3.8 and 3.9, a p lo t  of 
a semic i rc le  w i th  E 
when thc  temperatur8 and pressure are held constant, 
by three points,  th rse  measwements o f  E'  and E" a t  r e l a t i v e l y  wide frequency 
spacing should be enough t o  de f ine  the whole v a r i a t i o n  qf 
frequencyo 
ment techniques may have t o  be d i f f e r e n t  f o r  each of these frequencies, 

aga!nst E '  gives 
and coo as opposi te ends o f  a diameter on the  E '  axis ,  

Since a c i r c i e  i s  defined 

and E" wi th  
Experimentally, d i f f i c u l t y  i s  found usua l ly  because the  measure- 

-3 .4  Methods o f  Measurement o f  D i e l e c t r i c  Constant and Loss Tangent 

The wide v a r i a t i o n  o f  t he  e l e c t r i c a l  parameters o f  mater ia ls  used j n  microwave 
work, together w i th  the  wide frequency range o f  t he  microwave spectrum, means 
t h a t  there c?n be no one method of measurement of these parameters. l lsual ly,  
methods are  chosen from a knowledge o f  the frgquency a f  which the parameters 
are wanted, and estimated values o f  the  parameters, 
then d i f f e r e n t  from the  estimate, the measurement w i l  I not  work, but  a c loser  
guess can then be made t o  the  values of the  parameters, ard J >.-*.!-er method 
chosen 

i f  the  parameters are 

The i n i t i a l  mcthod o f  measurement decided upon was a t ransmission-type 
resonant cav i t y  technique, whereby lhe  resonant frequency and -the Q D f  a given 
mode are measured when the  c a v i t y  i s  empty and when it i s  f i I led wi th  the 
f l u i d .  This method i s  su i tab le  f o r  !ow d i e l e c t r i c  constant mater ia i ,  and fo r  
low loss maier ia ls .  For high d i e l e c t r i c  constants, very I l i - t l e  power enters  
the  mater ia l  because o f  t he  large impedance mismatch a t  the input  probe, ar;d 
for- high loss tangents the  mater ia l  abscirbs almost a l l  of t he  power which 
enters it, Thus, i n  these cases, t he  resonance cannot be seen c l e a r l y  enough 
withou-i special apparatus, As w i l  I be seen from Paragraph 4,2, I ,  Section I V ,  
when t h i s  method was r r i e d  with N O4 and MMH, no appreciable power transmission 
could be obtained w i th  the  c a v i t i g s  used, and t h i s  indicated e i t h e r  a high 
d i e l e c t r i c  constant o r  a high loss tangent f o r  the  propel lants .  

A va r ia t i on  on t h i s  method i s  t he  use, not  o f  the  l i q u i d s  themse!ves, but of 
mixtures of the  f l u i d  wii,h r e l a t i v e l y  lossless l iqu ids .  From the  known volume 
r a t i o ,  t he  value f o r  an undi lu ted so lu t i on  can be found by ext rapolat ion.  
method was t r i e d  i n  the  laborator ies w i th  Methyl Alcohol d i l u t e d  w i th  Benzone, 
As can be seen from Paragraph 4.2.2, Section IV, t ho  alcohol was so lossy t h a t  

This  would 
mean t h a t  ext rapolat ion t o  100% would be very inaccuratec 

This  

. o n l y  concen"rations o f  a few percent of alcohol could be measureds 
Because o f  t h i s ,  
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it was decided t o  abandon t h i s  method. 
t r i e d .  
Alcohol, which ind icates t h a t  it could probably be used t o  measure Aerozine-50 
and MMH, successful ly.  Another method has been studied which uses sma!l samples 
o f  t he  f l u i d  t o  per ta rb  the resonant froquency and Q o f  a cav i ty .  Th is  i s  a 
useful method f o r  measuring f l u i d s  w i t h  large d i e l e c t r i c  consiant and io:% 
tangents. 

Next, t h e  Roberts-Von Hippel  method was 
This  has been used successfu l ly  i n  the laboratory t o  measure Methyl 

The resonant c a v i t y  method i s  one o f  t h e  most standard methods o f  measuring 
the  d i e l e c t r i c  p roper t ies  o f  f l u i d s  w i th  reasonable e l e c t r i c a l  charac ter is t i cs .  
Usually, E c y l i n d r i c a l  c a v i t y  i s  made from low iJss mater ia l ,  and a p a r i i c u l a r  
mode, o r  se t  of modes i s  chosen f o r  study. 
su l tab le  pos i t ions  i n  the  cav i ty ,  and w i t h  a swept s lgnal  generator and an 
osci l loscope, the modes are  examined. 
Figure 3-4 o r  3-5. The method i s  q u i t e  standard, and may be found i n  most 
textbooks,4for example, “Technfques Of Microwave Measurement” by C. G. 
Montgomery , but a shor t  o u t l i n e  now follows. A resonant c a v i t y  i s  made so 
t h a t  a p a r t i c u l a r  mode has a resonant frequency given by: 

One o r  two probes-are placed i n  

The apparatus may be se t  up as e i t h e r  

where Fo i s  t h e  frequency around which the  parameters a re  t o  be measured, and 
E i s  a rough guess of t h e  d i e l e c t r i c  constant. Two holes are  d r i l l e d  i n  t h e  
cav i t y  t o  take small probes. The hole pos i t l ons  and probe types a re  chosen f o r  
su i tab le  coupl ing t o  t h e  mode. 
Figure 3-4 or 3-5, the mode i s  examined. The probes a re  e i the r  reduced i n  size, 
or, i n  the  case of loop antennas, rotated, u n t i l  t h e  width o f  t he  resonance a t  
the  h a l f  power points,does not- decrease fu r ther .  
and the Q of  t h e  resonance are then measured. The c a v i t y  i s  then f i I l e d  w i th  
the  f l u i d ,  and t h e  experiment repeated, g i v i n g  a resonant frequency F2 and a 
Q, Q,. Then t h e  d i s l e c t r i c  constant E of t h e  l t q u i d  is given by: 

Then, w i t h  apparatus such as t h a t  shown i n  

The resonant frequency Fi  

The Q ‘ S  are given by: 

I I 

Ql Qw(FI 1 
- =  

3-1 1 
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where : 9, ( F , = the  Q o f  t h e  wa l ls  o f  t h e  cav i ty  a t  frequency FI  

Qw(F;) = t h e  Q o f  the wa l ls  o f  the  c a v i t y  a t  frequency F2 

Qd(F2) = the Q o f  the  d i e l e c t r i c  a t  frequency F2 

Now: 

where u = t h e  e l e c t r i c a l  conduct iv i t y  o f  t h e  metal walls 

Then : 

Thus : 9.. _. 

and : 

Therefore: 

- I  m 
= Q l  F2f I 

Therefore : 

of the  d i e l e c t r i c  i s  re la ted  to  t h e  loss tangent by: Od 

Therefore: 

Thus: 

-1/4 - 1  92 -I = E  Ql + tan  6 

(3.11) -1/4 - I  
Q l  

-I 
t an  6 = 9, - E  

Thus, Equations 3.10 and 3.11 g i v e  the d i e l e c t r i c  constant and t h e  loss 
tangent of t h e  d l e l e c t r i c  mater ia l .  
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For greater  accuracy, t he  Q of the  probe, o r  probes, may be taken i n t o  account by 
using s l o t t e d  l i n e  techniques. The s lo t ted  l i n e  i s  inserted before the  input  
probe, and the  impedance o f  t he  probe i s  measured versus frequency as the  
resonance i s  passed through, This  impedance i s  p lo t ted  on a Smith Chart, and 
from t h i s ,  t he  Q of the  probe may be separated from t h e  Q of t he  cav i ty .  For 
the  two probe method, t h e  second probe i s  terminated i n  a matched load wh i le  
the  measurement i s  made, and then the  process is repeal-ed w i th  t h e  other  probe 
as an input  probe, whi le  the  f i r s t  i s  terminated i n  a matched load. By t h i s  
method, the  Q o f  the  probe o r  probes, may be found. These Q ' s  are  measured, 
both when the  c a v i t y  i s  f u l l ,  and when it i s  empty, and they are  subtracted 
from t h e  measured Q t s ,  Q, and Q , ,  t o  g i v e  mare accurate values of  Q, and Q , .  
Three small c y l i n d r i c a l  c a v i t i e s  were made, of d i f f e r e n t  dimensions, t o  cover 
the  frequency range from 2 t o  8 Gbiz. A computer program was run t o  f i n d  t h e  
resonant frequencies of a l l  of  the  lower order modes of the  c a v i t i e s .  tt 
was intended t o  consider t h e  e f f e c t  of the  f l u i d s  on a selected few o f  these 
modes. The modes and t h e i r  respect ive frequencies are  given on Table 3-3. 

For lossy l iqu ids,  measurements may be made by mixing the  l i q u i d s  a i t h  a less 
lossy l iqu id ,  and measuring the  f i n a l  resu l t .  By repeat ing t h e  measurements 
w i th  var ious concentrat ions, t h e  actual  value of the  parameters may be obtained 
by ext rapolat ion.  

A second method t h a t  o f  Von Hippel i s  probably t h e  most v e r s a t i l e  mgthod o f  
d i e l e c t r i c  measurement. 
u t i l i z e d  the  measurement of impedance a t  t he  surface of the  i i q u i d  when piaced 
a t  t he  end o f  a shor t -c i rcu i ted  waveguide. The apparatus i s  shown i n  
Figure 3-6. By measuring t h e  vo l tage standing wave r a t i o  (VSWR), and pos i t i on  
o f  t he  minimum of t h e  standing wave pattern, t he  surface impedance may be 
calculated. From t h i s ,  and t h e  known thickness o f  l i q u i d ,  t he  d i e l e c t r i c  
constant and loss tangent of t h e  l i q u i d  may be ca lcu lated as fo l lows: 

Based on a paper by Roberts and Von Hippel , t h e  method 

Suppose the  l i q u i d  th ickness i s  d cm, and t h e  cha rac te r i s t i c  impedance of t h e  
waveguide i s  Z Then t h e  impedance a t  t he  surface of the  l i q u i d  i s  given by: 

0. 

= Z tanh 6 d zs 0 

where: Z = t h e  cha rac te r i s t i c  impedance o f  t he  waveguide f i I  ied 
w i t h  l i q u i d  . o  

8 = the  propagation constant i n  the  I i qu id  

N o w  by d e f i n i t i o n :  
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TABLE 3 ~ 3  

COMPUTED RESONANT FREQUENCIES OF THREE TEST CAVITIES 

CAV I TY 

5.906" high by 2.954l' dlam,at.er 

3.704" high by 3.954t1 dim&* 

I .476" high by' I.47kt1 diameter 

MODE TYPE 

TEI I I 
%IO 
TEI 12 

lM0l I 

%I2 

TEll t 

TE2 I 2  

TMo I 0 

TEI I I 

iMDl I 
TE21 I 

TEI 12 

m012 

TMI.I I 
TEOl I 

TE212 I 

TMo 1 0 

TEI I I 
TMOl I 
TE21 I 
TEl 12 

T'I IO 
-%la 
TE@I t 
% I  
%I2 

TEI 13 

m013 

TEI 14 

10 

RESONANT FREQUENCY (GHz 1 EMPTY 
- ~ 

2.551 

3.065 

3.084 

3 . 224 

3.661 

3.81 I 
4.019 

4.291 

4.377 

4.640 

3.065 

3.084 

3 66'1 

4.377 

4 .'640 

4.003 

5,042 

5 . 278 

5 278 

5.584 

6,*130 

6.168 

7,321 

8.753 

9.321 

9.767 

i o m  

IO. 555 
I .* 995 
tI.506 
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where: w = the  rad ian frequency . 
= the  propagation constant i n  a i r  
= j s  for no loss, where 80 i s  t he  phase change per cm I n  a i r  
= t h 8  permeabi I I t y  of f r e e  space, 

A I  so: 

for non-magnetic l iqu ids .  

The r e f  ore : 

zo' = jwll 6 

-I -I = j B o 6  
zo' zo 

Therefore : 

= Zo! tanh 6 d 

- tanh 6 d 

zs 

j B o  . 

- zo 6 
This  i s  the  impedance a t  t he  surface of t h e  liquid, The impedance a t  t he  
minimum p o s i t i o n  i s  given by: 

S-' = ( Z  z -I -I - 1  + j t a n  B, x0) ( 1  t jz,zQ t a n  8, x0) s .o 

Where S i s  the  VSWR, and Xo Is t he  distance from I i q u i d  surface t o  the  
minimum posi t lon,  

Th is  l a s t  equation may be wr i t ten :  
-* t 

-I = ( S I '  - j t a n  8 X 1 ( 1 - j S-'  t a n  Bo Xo) zszo 0 0  

-I Subst i tu t ing  for ZsZo gives: 

jS 6.' tanh 6 d = (S" - j t a n  B X 1 ( 1 .  - j S-I t a n  $o Xo) 
0 . o o  

or pu t t i ng  $o = 2rXg-I where h . = guide wavelength. 
9 
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Given the  minimum pos i t i on  X , and VSWR(S) means t h a t  t h e  r ight-hand s ide  o f  t he  
equation can be computed. 
r m p l e x  equation may be found from graphs i n  Von H ippe l ' s  book. Thus, 6d i s  
known, and since d i s  known, so i s  8. This  i s  resolved i n t o  i t s  rea l  and 
imaginary parts,  a and B. 
found from t h e  wave guide equations. 

I ?  i s  a complex number, and so lu t ion3 t o  the  r e s u l t i n g  

Then the  d i e l e c t r i c  constant and loss tangent are 

(3.13) -i )-2 
E E = [ ( 2  C + B2 - a2] (2nAc 

where: 

These are  the  general equations t o  f i n d  the  d i e l e c t r i c  constant, and loss 
tangent. For r e l a t i v e l y  low loss mater ia l ,  Equation 3.12 can be s i m p l i f i e d  
by assuming S tends t o  i n f i n i t y ,  i.e., I / S  i s  very small. Then: 

i s  t he  c u t o f f  wavelength o f  t he  wave guide, 
C 

2 where terms of the  order  o f  ( I / S )  and above have been 

Expanding tanh Bd i n t o  rea l  and imaginary pa r t s  gives:  

I 2sx0 
( I  + j (SI tan  - x 

9 

I 2 2aXo - t a n  - 
S A 

9 

ignored. 

t a n  ad 01- j t a n  8d tanh Sd - - -  
dd I t j tanh ad tan  Bd d ( a  t jS) 

I 

Taking 6 small gives: 

a - . iB 
B2 d 

tanh 6d = (ad t j t a n  Bd) ( I  - j ad t a n  Bd) ( 6d 

Subs t i tu t ing  i n  the  previous equation gives:  

( a  - . is)  (ad + j t a n  Bd) ( I  - .icr d t a n  Bd) 

B2d 

2wx0 2nXo - j t a n  - 1 A 
= -  j + (  A i  F s e c 2 r  

g 9 
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Equating rea l  par ts  gives: 

Equating imaginary pa r t s  gives:  

(3.16) 2 2aXo 

8*d 9 

2 h 
(-tan Bd Bd sec Bd)  = - g I 

2ad S x U 

Equations 3.15 and 3.16 g i ve  01 and 
w i th  Equations 3.13 and 3.14. 

8 ,  without  t he  use of tables,  f o r  tise 

A t h i r d  technique o f  measur.ing d i e l e c t r i c  p roper t ies  o f  f u ids  i s  t h e  resonant- 
c a v i t y  per turbat ion method. 
t h a t  t he  resonant frequency o f  a c a v i t y  mode depends i n  a simple way upon the  
rea l  p a r t  o f  the complex d i e l e c t r i c  constant of t h e  mater a l  w i t h i n  the  c a v i t y  
and the  Q of the resonant c a v i t y  i s  simply re la ted  t o  the imaginary p a r t  of 
t he  complex d i e l e c t r i c  constant, General ly, t he  mode selected for. performing 
these measurements i s  t he  dominant mode i n  t h e  p a r t i c u l a r  s t ructure.  I n  t h i s  
case, t h e  task  i s  t o  determine t h e  complex d i e l e c t r i c  constants of several 
l i q u i d s  over a frequency range cover ing 100 MHz t o  IO GHz, Clear ly ,  a s ing le  
resonant s t ruc tu re  w i l l  not  be able t o  tune t o  resonance over the  e n t i r e  
frequency band o f  in te res t ,  so it w i l l  be necessary t o  const ruct  several 
structu?es t o  perform the  necessary measurements. 
s t ruc tu res  required, it i s  desired t o  make each s t ruc tu re  tune OVQT t h e  widest 
poss ib le  frequency band. This  i s  one fundamental cons iderct ion i n  t h e  speci- 
f i c a t i o n - o f  the s t ruc tu re  t o  be used i n  performing the  measurements, 
second basic fac to r  t o  consider i s  t he  ease of tun ing  t h e  resonator s t ructure.  
Tuning should be accomplished w i th  l i t t l e  expenditure o f  time, good prec is ion,  
and repea tab i l i t y .  A t h i r d  f a c t o r  t o  be considered i s  t he  amount o f  e f f o r t  
required t o  prepare and mount the  sample i n  the  s t ruc tu re  t o  f a c i l i t a t e  the  
measurements. 

I t  has been wel l  establ ished by a number o f  authors 

To minimize the  number of 

A 

A t  t he  lower end o f  t h e  frequency range o f  in te res t ,  frequencies below 2 GHz, 
coaxial resonators can be used. 
c a v i t y  resonators become too  large t o  be p rac t i ca l .  The emphasis I n  t h i s  
discussion w i l l  be on spec i f i ca t i on  o f  t he  resonant s t ruc tu res  which can be 
used t o  measure the  complex d i e l e c t r i c  constants o f  l i q u i d s  a t  frequencies 
abave 2 6Hz. 

A t  such frequencies rectangular or c y l i n d r i c a l  

A f te r  care fu l  consideration, I .  oecomes apparent t h a t  a c i r c u l a r  c y l i n d r i c a l  
resonator operat ing i n  t h e  TEol l  mode w i l l  s a t i s f y  most o f  the  r e s t r i c t i o n s  
placed upon the  resonator i n  preceding paragraphs, 
mode i s  tunable because the  f i e l d s  a re  character ized by a hslf-sine-wave 
spat ia l  v a r i a t i o n  along the  a x i s  of revo lu t ion ,  
qu ick ly  accompl ished by screwing a meta! slug, which serves as one end wal I of 
the  resonant structure,  i n t o  and ou t  o f  t he  resonator, The 1 iqu id  sample could 
be placed over the  f i x e d  end wall  t o  some deoth. A sketch o f  t h i s  s t ruc tu re  1; 

shown i n  Figure 3-7, and the  f i e l d s  i n  Figure 3-8. 

A s t ruc tu re  support ing t h i s  

Tuning can be e a s i l y  and 
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The s o f t  iron backing p l a t e  i s  used t o  d i ss ipa te  any unwanted modes i n  the  
resmator .  
prevents conduction currents  from f lowing up the  sige wal Is and across the 2nd 
walls. This serves t o  suppress a l l  modes except TE resonances. 

modes TM', The mode equations and t h e  : w e  funct ion are: 

The 5ap between t h e  tun ing slug and t h e  side wa l l s  o f  t h e  resonator 

OnP 
s ider  the basic c y l i n d r i c a l  resona+or conf igurat ion shown i n  Figure 3-9. For 

3 

where: X = t h e  p t h  r o o t  of Jn(X) = 0 
"P 

y = j u E  
! 

\ 

T- d 

CYLINDRICAL RESONATOR COORDINATES 

FIGURE 3-9 
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For modes TE', tho mode equations and tho wavo ddnction are: 

E2 = 0 

a j  ( X I  
wkers: x' = the  p i n  r o o t  o f  ax " . . = o  

nP 
L 

I = j&)u 

I f  one takes i n t o  account the  gap between the  tun ing slug, and the  s i d e  wal l  
which prevents 1onglt:udinal currents  from f lobwlng, thus suppresslng H 
cases, t he  resu l t  Os: 

i n  both  
$ 

TM' modes: a$/ap = 0. 

Thls means t h a t  f = 0,  and since E and Ez must be zero a t  p = a, and a l so  

cannot ex is t  in the  s t ruc tu re .  
have .no var iat ion'wi th 0, they musf 4 be i den t ica l  i y  zero. Therefore, these modes 

cannot 'be zero for TEZ modes, s ince such modes must have zero e l e c t r i c  
The f i e l d  a t  z = 0 and z = d,  

f i n a l  f i e l d  equations are: 
Thus, a$/&# mus-f be zero, t h i s  makes E = 0. 

P 

Now one can determ?ne the  resonant frequency of a p a r t i a l l y  f i l l e d  resonator 
as shown i n  Flgurs +IO. 
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PARTIALLY FILLED CYLINDER 

FIGURE 3-10 

The wave functions are: 

d 

I 

The separation equations are: 
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The z d i rec ted  wave impedance Z Is def ined as: 

s l n  k, ( d  - z)  

Equating the  wave impedances a t 2  = r e s u l t s  i n  t h e  c h a r a c t e r i s t i c  
equation: 

i 
e- ' t an  kz (d - &) = tan  k a 

I 2, 
k 
2, 

I L 

One would have t o  solve t h e  se t  o f  equations: 

tan  k (d - Q) = k tan  kZ R 
2 22 z I  2 - kZ 

2 = w PoE 
2 *'01 )2  kZ + ( -  a I 

A p l o t  of  resonant frequency versus d i e l e c t r  c constan? d wi th  f i l l  level as 
a parameter should be made t o  f a c i l i t a t e  the  i n te rg re ta t i on  o f  t he  measure- 
ments. 
unloaded Q of the  resonator. 

Determination of the  loss term d' would requ i re  measurement of t he  

2nf . [Max i mum Energy Stored/Cyc I e] 
Q =  [Power Dlssipated i n  the -S t ruc tu re ]  
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Now: 

Here = E E'  

The power d i s s  

0 

2 [Max Energy Stored/Cycle] = JlJ' E I E ~  dt 

0 
ana 2 = E I 

pated i n  the  s t ruc tu re  = 

2a R Ja Z J0 E E '  t an  6 IE (2) l 2  pdpd4 dz + P l l H t  l2 Rs ds 
0 0  0 4 

These c a l c u l a t  ons could be made once kZ , kZ 
E'' wou I d be de. erm i ned. I 2 

and w were determined and thus 

A per turbat ional  analys is  of  t h i s  resonator leads t o  sane useful resu l t s .  
From t h e  f i e l d  equations: 

T Z  
) s i n  - 4J a Jo ( a d 

x'oI x'oIp E = -  

i s  t h e  unperturbed e l e c t r i c  f i e l d .  

Using the  per turbat ion formula: 

One can show t h a t :  

dz J?, 2 'lrz - -  Po s i n  - d 

w *- w 
0 .., ( E  - I )  

w d 
0 

2nR ) s i n  - € - I  R d 
4n d :: - (- ) " T  - -  

d w 
0 

f o r  smal I R/d. 
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Set: 

and use: 

then; 

O r :  

t r y  a 206 f i t  I 

2 - w wo [(E'  - I ) )  n( a l 3  'r o 3 d  

I = - 
20 E '  = 20, tan B 

-: I 1 (i) 10 (8) 
29 3 1000 

Q Z  1 6 - 2 0  300 

This i s  tno low, 
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, 25 
.5 

I .o 
2,o 

Use 10% f i l l ,  

.25 4,72 2.11 
I .o 5.47 2.34 
4 ,, 0 8.47 2.91 

16.0 20.47 4.52 

Q 150 

w - w  r 0 1 - 1  - 15 = - (19) - 300 
wO 

A determinat ion of c a v i t y  dimensions may be made as fo l lows. 

For a T E o l l  mode use: 

N o w  chosing f = 2fr, t h e  equations reduce to: 
r2 

For d i f f e r e n t  values of a/dl, a/d2 i s  given i n  Table  3-4. 

'TABLE 3-4 

RESONANT CAVITY PARAMETERS 
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2 1/2 ,477 x 
a 

C14.7 + 9.85 ( a / d l )  3 Choosing fr = 2 x IO9 = 

a/d 

0.25 

0.50 

I .oo 
2.00 

a/d2 a (cml) d:cml dhcml 

2 ,  I7 9.32 37 20 4.28 

2.34 9.91 19.80 4.23 

2.91 I I ,82 I I .82 4,06 

4.52 17.60 8.80 3.90 

These parameters can be used i n  determir ing the  dimensions o f  t he  
c a v l t l e s .  

3,4 TECHNIQUE A THEORY 

The basis o f  a mass gaglng system t h a t  Is t o  be independent o f  p rope l lan t  
locat ion w i t h i n  a spacecraf t  tank 'Is t h a t  t he  prope l lan t  measurement must 
be independent of any geometr'lc property of the  propel lant ,  The ideal pro- 
p e l l a n t  mass gaging system f o r  any g r a v i t y  environment should have the  
fo l low ing  charac ter is t i cs :  

a) Each mDlecule o f  p rope l lan t  should have a uni form 'Inf 
the  measurement t r respec t ive  of locat ion o r  grouping. 

The t ime r a t e  o f  change o f  the  molecular d i s t r i b u t i o n  
prope l lan t  mass must not  'Influence the  measurement. 

c )  The measurement must be i nsens i t i ve  t o  a l  I tank param 

b )  

uence on 

o f  t he  

t e  r 
va r ia t i ons  and the  e f f e c t  o f  secondary propel l a n t  parameter 
var ia t ions .  

In  the development of a measurement system f o r  gaging prope l lan ts  under 
zero g rav i t y  conditions, the  dominant c r t t e r l a  o f  t he  system must be the  
uniform i l l um lna t lon  o f  t he  prope l lan t  tank w i th  some form of energy. 
measurement o f  t he  energy stored i n  the  prope l lan t  tank provides the  most 
promising system, The energy storage systems measure the  prope l lan t  mass 
by determining the  amount o f  energy stored, the  frequency o r  frequencies 
a t  which It i s  stored, o r  t he  frequency s h i f t  caused by using the  tanks 
as an energy storage element., The p r i n c i p a l  advantage o f  energy storage 
systems I s  t h a t  a r e l a t i v e l y  uni form l l l um ina t ion  of the  prope l lan t  tank 
i s  poss ib le  i n  many cases, The type o f  energy used I n  these systems var ies 
across the  e n t i r e  frequency spectrum. The rad io  frequency band of the  
electromagnetic spectrum was chosen as being the  most phys ica l l y  rea l -  
lzable po r t i on  f o r  obta in tng unfform t l lumtnat ion  o f  a prope l lan t  tank. 

The 
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PARTlA.LLY F ILLED RECTANGULAR-CAVITY 

F I GURE 3- I*'I 

Here we have a rectangular c a v i t y  .(Figure 3-11) f o r  which an ana lys is  o f  
t he  loading behavior o f  a cav' i ty may be made f o r  d i f f e r e n t  o r i en ta t i ons  
o f  t he  In ter face:  . .  

.. 
2 ._ ' ' /  2 nn 2 +(-) nn +(-I = E  (3 ' 2  

b C r c  (3 .17)  

-x ,  fan  k x a  d = k t a n  k (a - d)  (3.19) 

c o t  kx d = k cot kx., (a - d )  . (3.20) 

x2 ' C r  x2 

I x2 2 

I TMx modes 

TEx modes -'I 

where : n = h a l f  wavelength variat i .ons along the  y a x i s  

p = h a l f  wavelength varia-biibns along the  z a x i s  

x I  = wave number in,medtum 2 

k = wave number i n  medium 2 
x2 

c = speed o f  l i g h t  
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E ' j  i t l v e  d l e l e c t r l c  constant r 
-+ = standing waves i n  both media 

- = standing waves I n  media 2 on ly  

A computer program based on these equatlons was developed and the  number 
o f  modes determined for  the  in te r face  normal t o  each o f  the  Cartesian ax is  
over the  empty t o  f u l l  loadlng range. The r e s u l t s  are shown In Figure 3-12 
and are given i n  Table 3-6, 

I t  .Is i n te res t i ng  t o  note t h a t  t he  response dev iat ion from one or len ta-  
t l o n  -io another Is small although the  dlmenslons along whlch loadings 
are taken vary cons i.derab I y . Cornputat Ions of t h  l s type 'were made f o r  
another cav i t y  having two equal sid.ts and the  r e s u l t s  gave a s i m i l a r  
small devfat lon from one o r l e n t a t l o n  t o  another a t  a glven loading, 

An add i t iona l  Ins igh t  I n t o  the  behavior of a p a r t l a l l y  f l l l e d  cav t t y  
can be gained by looking a t  t he  form of the  response curve ( loading) .  
The response curve looking a t  Figure 3-12 i s  l inear .  Thts says t h a t  
the  e f f e c t  on lhe response o f  an Incremental change i n  t he  tank con- 
t e n t  Is dependent on ly  on t h i s  change and not  on the  d i e l e c t r i c  content. 
This fac t ,  together w i th  the  f a c t  t h a t  the  curve remains essen t ia l l y  
i rwar lan t  w i t h  th ree  mutual ly orthogonal d l rec t lons  o f  loadlng, means 
t h a t  the  loading can be s - l l t  up l n t o  s;.aI ler u n t t s  and randomly d ls-  
t r i b u t e d  fhroughout the  tank, That Is, I f  a loading Is s p l l t  up l n t o  
M parts,  each p a r t  w i  I I con t r i bu te  I / M  t he  e f f e c t  o f  t he  whole 
regardless of the  pos i t i on  o f  these par ts .  We can then say, t h a t  
on t h i s  basis the  analys is  of the  tanks f o r  regular  loadlng along 
the  edges can be extended t o  cover l r r e g u l a r  mass d l s t r i b u t l o n s  In 
the  tank. 

TABLE 3-6 

LOAD I NG DEPENDENCY-RECTANGULAR CAV I TY 

Fract  i ona I 
F i  I I ing 

Empty 
0.01 

0, I O  

0.20 

0.30 

0.40 

0,50 
0.60 

0,70 

0,80 

0,90 

I *oo 

L t o  7.88 I n .  

1419 

1421 

I707 

2042 

2392 

2738 

3076 

3400 

3750 

4087 

4446 

4764 

Systei 
L t o  18 I n  

1419 

I426 

I733 

2039 

2388 

2745 

3078 

3412 

3759 

4993 

4424 

4764 
3-33 
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The f a c t  t h a t  t he  d i e l e c t r i c  can be a r b i t r a r i l y  subdivided and not  
a f f e c t  the overa l l  system response has bean evidenced by experiments 
~ r s i n g  p a r a f f i n  blobs. 
shown I n  Flgure 3-13, and the  t e s t s  a re  shown I n  Figurc 3-14. 

A f i l l  t e s t  was made f o r  a ciyar-shaped tank 

CIGAR-SHAPED TANK 
FIGURE 3-13 

The t e s t  mater ia l  here was p a r a f f i n  which has a d l e l e c t r t c  const.ant ~i 
s l m i l a r  -to N204, 
varying from a f rac t fon  of  a cubic Inch t o  I O  cublc inches i n  vo Lime. 
As the  tank was loader; it was subjected t o  t i l t i n g  t o  three mutual ly 
perpendicular orier.fx-!-:. -3. Response deviat ions a t  any loading were 
equivalent t o  less 1 : f ~ ; .  .:. 2% o f  t he  f u l  I scale tank content. II- can 
be seen t h a t  the  loadi l ly c*.irve f o r  t h i s  t e s t  was both l i n e a r  and 
independent o f  d i e l e c t r i c  content locat ion and s i ze  d s t r l b u t i o n .  
Further t e s t s  conducted w i th  p a r a f f l n  on another tank w i th  m e  end 
inverted as I n  Figure 3-15 gave a s imi la - ' y  s t r a i g h t  oadi rg  curve 
and an independence of pos l t l on  o f  
i n  Flgure 3-16, 

The p a r a f f i n  was made up i n t o  a r b i t r a r i l y  s$aped pieces 

,25$ of f u  I I sca e as shown 
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RE-ENTRANT TANK 
FIGURE 3-15 

This discussion o f  t h e  expected loading dependence and r e l a t i v e  
independence o f  p rope l l an t  re loca t i on  o r  d i s t r i b u t i o n  tends t o  s h w  
t h a t  a uniform i l l u m i n a t i o n  o f  the  tank I n t e r i o r  can be achieved 
using proper RF exc i ta t l on .  A non-uniformity of the  tank i l lum-  
i na t i on  wou!d show up .is a non- l l nea r i t y  of  t h e  loadlng curve o r  
s h i f t  I n  t h l s  curve w i t h  p rope l l an t  movement from region t o  region 
i n  the  tank. 

Now the  r e s u l t s  discussed t h i s  f a r  a re  based on a response p r e d i c t i o n  
made using the  exact electromagnetic f i e l d  equations. 
Yn :-he prediction o f  t n e  response had been based on t h e  use o f  a 
v a r i  a t  iona I thecry. 

Previous work 

The r e s u l t s  agree w i t h  t h a t  derived on an exact basis a t  empty and 
f u l l  as a = 0.1. 
loadincj dependence as shown i n  Figure 3-12 and 3-17,Tsble 3-6. While 
the  non-I i n e a r i t y  i s  n o t  serious for t h i s  example I t  would be greater 
f o r  t he  higher d i e l e c t r i c  constant f l u i d s  such as Aerozine 50 o r  MMH. 
Thus an exact formula should be used f o r  system response predic t ion.  

I t  gives, howevw, a non-l inear predictDon f o r  t he  

For N204, Aerozine 50 and MMH a predicted response curve i s  shown i n  
Figure 3-18 f o r  cigar-shaped cavi?-y s i m i l a r  !n shape t o  t h e  SPS tank 
wi thout 1 nterna I ha, dware. 
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The curve for MMH and Aerozine 50 should be ignored past  a = .05. 
An examination o f  t he  h igher  loading region f o r  MMH and Aeroz'lne 50 
should be done using a more exact analys is  o f  the  e f f e c t  of tank loss 
on system response. An Idea of the  r e s u l t s  o f  t h l s  type o f  program 
i s  shown i n  Figure 3-19. A t  best  though, the  system response t o  
loading w i th  Aerozlne 50 o r  MMH f o r  the  presumed values of E r  w i l l  
degrade a t  h igher loadings. 

In  the  fo l low ing  theory secrtions severa! o ther  techniques are 
examlned f o r  s e n s i t i v i t y  t o  provide an answer t o  the  question of 
whether another technique could be used t o  achieve a b e t t e r  loading 
response. 

3.5 TECHNIQUE B THEORY 

The systsm response o f  Technique B i s  shown as a func t ion  of f rac -  
t i o n a l  f i l l l n g  o f  t he  c a v i t y  w i t h  MMH, Aeroztne 50 and N2O4 I n  
Figures 3-20, 3-21 and 3-22. 

The present analys is  should show t h e  t rend o f  t h e  experimental 
resu l t s  t o  be expected and a s s i s t  I n  de 
nlque shows a- promislng response. 

3.6 TECHNIQUE C THEORY 

Advantage may be taken of  the  uni form i 
the  RF enerw  which makes t h e  resu l tan t  

ermining whether.the tech- 

luminat ion o f  t he  cav i t y  by 
Technique C response of 

t he  c a v i t y  independent of propel l a n t  locat ion.  

3,6,1 Predicted System Response 

An evaluat lon was made of t he  pred ic t ions  of theory for the  system 
response. The curves of Figures 3-23 through 3-26 and Tables 3-7 
i-hrough 3-10 Ind ica te  the  t rend the  measured var iab le  could fo l low 
w i th  tank loadlng and they are  no t  exact. 
f o r  N2O4, they are more non-I ?near than the  actual  experlmental 
data, Because o f  t h l s ,  it i s  f e l t  t h a t  t he  actual  response o f  
t he  C technlque w i l l  always be b e t t e r  than these curves. Thus, 
they c o n s t i t u t e  a lower bond t o  the  expected s e n s i t i v i t y .  A l l  
curves are normalized t o  t h e l r  f u l l  tank response t o  g ive  an idea 
of the  v a r l a b l l l t y  i n  s e n s i t l v i t y  t h a t  might occur w'lth loading. 
The nor!- l inear i ty Is inherent and would have t o  be taken care of 
w i th  a non- l i iqar  func t ion  generator I f  a l i n e a r  response were desired. 

I n  some cases such as 

Agatn, as i n  T$chnique A, t he  lower values o f  d i e l e c t r i c  constant 
could make the  response of Aerozine 50 and MMH more l inear .  
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TABLE 3-7 

RESPONSE OF N204 

FRACTIONAL 
FILLING 

0.0 

0, I 

0.2 

0 . 3  

0.4 

0.5 

0.6 

0.7 

0.8 

099 

I .o 

NORMAL I ZED 
RESPONSE 

0.000 

0.190 

0.377 

0.523 

0.643 

0.736 

0.814 

0.868 

d.922 

0 e 960 

I .ooo 
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'TABLE 3-8 

AEROZ i NE 50, ' MMH RESPONSE 

FRACTIONAL 
F I  LLlNG 

0,000 

0 025 

0 a 050 

'0 e 075 

0,100. 

0 0 200 

0 300 

0 a 400 

0 0 500 

0,600 

. .  

. 0,700 

0 800 

0,900 

1,000 ' 

NOIdAL I ZED 
RESPONSE 

... 
0 e 000 

0 227 

0.413 

0.534 

0 e 620 

0.752 

0 863 

0,915 

0.942 

0 e 958 

0 970 

0.977 

0.. 992 

I.000 

* 
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TABLE 3-9 

AEROZINE 50, MMH RESPONSE 

FMC? I ONAL 
Ft LLI NG 

0.000 

0.050 

0.100 

0.200 

0.300 

0.400 

0 50C 

0.600 

0.700 

0 800 

0.900 

I -000 

~~ ~~ 

NORMAL I ZED 
RESPONSE 

0.000 

0.31 I 

0.489 

0.722 

0.818 

0.877 

0.913 

0.943 

3.967 

0 977 

0 e 988 

I .ooo 
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TABLE 3-10 

FRACT I ONAL 
FI LLI NG 

0.00 

AEROZINE 50, MMH RESPONSE 

NORMAL! ZED 
RESPONSE 

0.000 

0.05 C .237 

0. i o  

0.20 

0.30 

0-40 

0.50 

0.60 

0.70 

0.80 

0.90 

I .co 

0 0 422 

0 623 

0 e 743 

0 828 

0.868 

0.925 

0.938 

0.963 

0.986 

I -000 
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SECTION I\' 

EXPERIMENTAL STUDIES 

4.1 INTRODUCTIOR 

This  sect ion ,; an experimental evaluat ion of the  theory ou t l ,ned i n  
Sectfon t l l  which fncluded I >  A dtscussion o f  t he  technfques needed 
t o  perform d f e l e c t r i c  p roper t ies  measurement, and 2) An analys ls  of 
th ree  tectiniques of  mass gaglng for  compartson purposes, 

This sect ion contalns an anaiys ls  of t he  d i e l e c t r i c  measurement t e s t s  
t h a t  wers made, fol lowed by t h e  r e s u l t s  obtained f o r  loading responses 
usfng the  abave techniques. 
I n  greater  depth, t o  determtne l i s  response under reor ien ta t ion .  

The most sa t i s fac to ry  technlque was pursued 

4 e 2 D I ELECTR I C PROPERT I ES OF PROPELLANTS 

The experimental r e s u l t s  and a discussion o f . t hese  r e s u l t s  concerning 
the  d iecec t r i ca l  p roper t ies  of  MMH, Aerozine 50 and N2O4 a re  presentqd 
I n  t h l t ,  sect ion.  Several d i f f e r e n t  measurement techniques were evaluated 
w i t h  s imulant IiquOds to ascer ta in  t h e i r  s u i t a b i l i t y  for the  actual  
l i q u i d s  o f  In te res t .  One of the  technlquos i n  RQberts-Von Hippel 
techn?qua ou t l i ned  i n  Paragraph 3.3 .4 ,  Section I l l ,  was a d d i t i o n a l l y  
evaluated w l th  actual  f l u i d s .  

Tests were also performed t o  determine the  power t ransmission coef- 
f l c f e n t  for a bladder mater ia l  sample provided by NASA-MSC, 
transmlssion coef f  i c i e n t s  were measured for  the  case o f  normal ly -  
inc ldent  plane waves. The t e s t s  were performed i n  the  frequency ranges 
from 2 t o  4 GHz and 8 t o  12 GHz. 
t ime domain ref lectometer i n  an attempt t o  measure t h e  vc l tage re f l ec -  
l i o n  c o e f f f c i e n t .  

The power 

The sample was a l s o  tes ted  using a 

4,2,1 *- Resonant Cavi ty Method - Pure FluOds 

The resonant c a v i t y  technique was based on measuring the  Q and resonant 
frequency of a given nsde when the  cavi  t y  i s  empty and f 0 I led w i th  the  
f l u l d .  A de ta i led  analys is  I s  presented I n  Paragraph 3.3.4, S e c t ? m  1 1 1 .  

These closed cy l i nde rs  were mads o u t  o f  aluminum for use w l th  the  
resonant-cavity me-khod, 
fol lows: 

The dimensions .af t he  cy l i nde rs  are as 

I 1 . 5.906" h i gh and 2.954" d i ameter 

2) 3,704" hlgh and 2.954" diameter 

3 )  

These dlmens 
the  resonant 

'. 

,476" h igh and 1.476" dlameter 

ons were Inserted I n  a computer program, which y ie lded 
frequencies of. t he  f l r s t  few modes, 

4- I 
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The c a v l t l e s  cover a range from 2,5 GHz t o  12 GHz, when exc l ted  Tn 
t he  lower order  mades. The cav l t l es ,  together w l th  a rese rvo l r  
c a v l t y  used f o r  keeping the  c a v i t t e s  f u l l  of f l u i d  were tested i n  
a su' l table protected enclosure, See Figure 4-1. The experfmental 
setup ?s  shown I n  Ftgure 4-2. It was found t h a t  no t  enough power 
could be t ransmi t ted through the  c a v l t l e s  when N2O4 or- MMH was pu t  
i n t o  them, 
be transmitted, but  t he  mode pat te rn  was d l s t c r t e d  grea t ly  by the  
r e s u l t l n g  overcoupltng t o  the  f i e l d  i n  the  cav l t y .  
lt was decided t o  abando,n t h i s  method of measurement. 

When the  probe lengths were increased, some power could 

Because of t h t ? ,  

OSC I LLOSCOPE 

4,Z.Z Resonant Cavi ty Method - D i lu ted  F lu ids  

The next  method t r i e d  was a d l l u l - l o n  method ou t l l ned  I n  ?aragraph 
3 .3 .4 ,  SeetYon I l l .  It. ls possib le  f o r  t he  prope l lan t  t o  be d ' l luted 
w i th  Freon, which i s  r e l a t i v e l y  lossless.  To slmuid-e t h i s  I n  +he 
laboratory, experiments were performed w i th  mixtures o f  Methyl 
Alcohol 2nd Benzene using the  experimental setup shown I n  Flgure 4-2. 
Mixtures were made of 0.1% alcohol I n  Benzene. It was found t h a t  The 
10% soiut iorr .  was too  lossy t o  measure using the  resonant c a v l t y  tech- 
nique, On the  lower concentrat ion, use o f  a s l o t t e d  I ' lne wiTh one of 
t he  cav t i e s  gave the  d t e l e c t r l c  constant of a sample o f  l n d u s t r l a l  
Benzene as 2,22 w i t h  a loss tangent of I ,54 x 10c4e Since no more 
than a ew percent concentrat lon of alcohol could be measured, it was 
declded t h a t  ex t rapo la t ion  up t o  100% from the  measured r e s u l t s  would 
be too naccurate, and the  method was abondoned. 

RF I SWITCH 

EXPERIMENTAL SETUP FOR DIELECTRIC FROPERTIES MEASUREMENT 

F IGURE, 4-2 
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4 , 2 . 3  Von Hippel Method - cI_ 

The t h i r d  method t r i e d  was the  Roberts-Von Hlppel method out1 tned I n  
Paragraph 3.3,4, Sect?on 1 1 1 ,  l h r e e  X-band wavegulde sect ions were 
made up 'In brass, They were I / ? " ,  3/8" and 1/101' i n  length, and had 
normal waveguide flanges. The sect-ions were each i n  t u r n  connected 
t o  the  end o f  a s l o t t e d  l ine,  and a shor t  c i r c u i t  p l a t e  was connected 
t o  the  other  end of the  small sect ion (Figure 3-6, Section 1 1 1 ) .  The 
VSWR was then measured using the  tw!ce-mintmum mst-hod used by Von Hippel, 
j n d  the  pos i t i on  of the  rnlntmum was then r o t e i .  The .sect ion was then 
f I l l e d  w i th  the  t e s t  l iqu id ,  and a t h t n  m;ca sheet was used t o  seal 
t he  section. From 
these measurements, t he  d l e l e c t r i c  constant and loss tangent were 
calculated. The d i e l e c t r i c  constant of Benzene Gas measured t o  
w i t h i n  2 10% of the  value obtained from the  suppl iers .  
giver, sample o f  Transformer O i  I 
gave the  d i e l e c t r i c  constant as 1.96 rt: 0.01 w i th  a loss tangent of 
0.002 a t  6.7 GHz. 

The new VSWR and minimum posi l t ions were noted. 

For a 
both the  1/211 ~ : , 3  3/8" sect lons 

Experimental data was taken f o r  o ther  I 
l d l e i e c t r l c  constant *" 20) and Ethylene 
s tan t  12). These l i q u i d s  were chosen 
proper t ies are s i m i i a r  t o  the  propel lan 

qulds such as Methyl Alcohol 
Glycol Cd ie lec t r l c  con- 
because t h e i r  elec-krlcal 
s i n  questlon, 

These I i q u l d s  were chosen because t h e i r  , e l e c t r i c a l  proper t ies are 
siml l a r  .to the  propel lants  I n  question, 
sample of Methyl Alcohol, measured 'In the  2 GHz,to 4 GHz region i s  
shown i n  Table 4-1 and the  ca lcu lated d i e l e c t r i c  constant and ioss 
tangent i s  shown i n  Figures 4-3a and 4-3b. The measured v a r i a t l o n  
I n  d i e l e c t r i c  constant fo l lows q u i t e  c lose ly  t h a t  o f  Figure 3-3, 
Section 1 1 1 .  This pre l imlnary experlmentatlon, coupled w i th  the  
fac t  t h a t  much experlrnentatlon w'lth mater ia ls  having d l e ! e c t r i c  
constants and loss tangents over the  range of  I n t e r e s t  has been 
performed byVon Hippel, shows.that the  technique Is useable. 
experimental procedures and the  data process'lng need t o  be ref ined, 
but no major obstacles t o  the  use of the  technique are foreseen. 

The re levant  data f o r  3/8" 

Some 

4.2,4 D i e l e c t r i c  Propert ies of Bladder Mater ia l  

The power transmission coefficients o f  t h 6  bladder mater la l  suppl ied by 
the  NASA-MS6 were measured for the  case o f  normzlly Incldetr t  plane waves, 
This bladder mater' lal was measured t w  determine i f  i t s  presence would 
have any e f f e c t  on the  d ' l s t r i b u t i o n  of electromagnetlc energy I n  -the 
propel l a n t  tanks.' 

For the  .tests I n  the  2 .to 4 GHz frequency range, the  sample was mounted 
i n  a coaxial  holder as shown i n  Flgut.? 4-4. 
i n  Figure 4-5. 

A block diagram i s  shown 
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TABLE 4-1 

STANDING WAVE RATIO DATA FOR 3/8" SPACER 
FOR METHYL ALCOHOL, I N  THE 2-4 GHz REGlON 

FREQUENCY 

2.40 

2.45 

2.50 

2.55 

2.60 

2.65 

2.70 

2.75 

2.80 

2.85 

2.90 

2.95 

3.00 

5.05 

3.10 

3.15 

3.20 

3.25 

3.30 

3.35 

3.40 

3.45 

3.50 

3.55 

3.60 

3.65 

3.70 

3.75 

3.8U 

3.85 

3.90 

3.95 

3 dB AaOVE 
MINIMUM 
HIGHER READING 

16.42 

17.74 

19. I 3  

20.42 

21.53 

22.65 

23 60 

24.52 

25.37 

26.20 

27.00 

27.76 

28.41 

- 29.12 

29.77 

30.40 

31 .OO 

31.61 

32.22 

28.33 

29.01 

25.33 

26 e 05 

26.78 

27.47 

28.17 

28.53 

29.06 

29.38 

30.10 

30.55 

31.03 

~~ ~~ 

3-c!3 ABOVE 
M I N IMUM 
LOWER READ I NG -- 

15.92 

17.20 

18.49 

19.61 : 
20.90 

22.00 

22.99 

23.97 

24.86 

25.59 

26.47 

27.21 

27.93 

28.59 

29.28 

29.91 

30 .-49 

31 .. 10 

31.69 

27.88 

28 e 38 

24.63 

25.. 30. 

25.93 

25.57 

27, I 3  

27.95 

28.56 

28 .a8 

29.60 

30.12 

30.50 

3 69 ABOVE 
M I N  IMUM 
H ! GHER READ t NI --  

16.60 

18.05 

19.5i 

20.84 

22.00 

23.02 

23.99 

24-83 

25.78 

26.50 

27.27 

28.01 

28.73 

29.44 

30. i 3  

30.81 

31.46 

32.12 

32.73 

33.33 

33.95 

34.51 

. 35.04 

35.5b 

36.36 

36.55 

36.98 

37.42 

37.83 

38.25 

38.64 

39.88 

3 dB ABOVE 
M I N IMUM 
LOWER READING 

16.51 

17.97 

19.30 

20.58 

21.73 

22.83 

23.86 

24.73 

25.62 

26.39 

27.19 

27.95 

28.68 

29.38 

30.08 

30.74 

31.40 

32.02 

32.67 

33.28 

33.85 

34.45 

34 ..99 

35.52 

36.01 

36.49 

36.93 

37.38 

37.79 

38.20 

38.60 

39.83 
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The measurmenfs v3re performed by a substitution method wherein the 
power level was set by lnsertlng a sample-free holder in the circuli-, 
then the sample was placed In the system and the transmitted power 
measured. 
of less than 0,I dB quite accurately. The experimental rlasultr are 
presented i n  Table 4-2. 

It was estimated that this technique would measure a loss 

/ 
/ 
/ 

/ 
/ 

TABLE 4-2 

--I. 

CONDUCTOR 

TRANSMITTED POWER FOR A FREQUENCY RANGE OF 2 TO 4 GHz 

FREQUENCY GHz I POWER LEVEL dBm 

2,o 

2,2 

2,4 

2.6 

2,8 

3.0 

3.2 

3 .4  

3 .6  

3.8 

400 

+5.0 

+5,0 

+5 .O 

+5.0 

+5.0 

+5.0 
+5.c 
3.5.0 

+5 .O 
4-5.0 
+5 .O 

TRANSM I T E D  POWER dBm 

i-5 .O 
+5 .O 

4-5 .O 

t5,O 
t5,O 
+5 .O 

t5,9 
+5 .O 

4.5 .O 

+5 . 0 

+5 0 

- _. 

LOSS dB 

< O D  I dB 

< O o l  dB 

CO.1  dB 

'0. I dB 

<O. I dB 

<Oel dB 

c o o l  dB 

<O. I dB 

'0, I dB 

'0. I dB 

< O a t  dB 

POLYSTYRENE DISCS 

\ / 
1' OUTER - 

COqDUCTOR 

COAXIAL HOLDER FQR BLADDER SAMPLE - 2 TQ 4 GHz FREQUENCY RANGE 

F IGURE 4-4 

4-8 



TS-403/~ 
2 - 4 GHz 

-m HP 430C SAMPLE THERM I STOR 
HOLDER MCUNT POWER METER - SIGNAL GENERATOR 

- L 

* 

BLOCK DIAGRAM FOR EXPERIMENTAL SETUP - 2 TCI 4 GHz FREQUENCY RANGE 

FREQUENCY GHz 

8. I94 

9.000 

I O  .ooo 
I I .OO3 
12.002 

FIGURE 4-5 

NO SAMPLE 
PI aBm P2 dBm 

7.63 6.33 

8,40 7.70 

9.60 7.70 

9.32 9.08 

8.95 8,05 

For the  t e s t s  I n  t h e  8-12 GHz frequency range, the  sample was mounted 
i n  a holder fashioned fromx%and waveguide. The sampla was held i n  n 
place between twox-band waveguide cover f langes as shown i n  Figure 4-6. 
The experimental setup used i s  shown i n  Figure 4-7. 

Again, the  basic process by which t h e  power transmission c o e f f i c i e n t  
was t o  be measured was t o  s u b s t i t u t e  a sample bearing holder  i n t o  the  
circuit a f t e r  a measurement using a sample-free holder  has been accom- 
pl ished, As before, a loss of less than 0.1 dB should be measurable. 
Ths experimental r e s u l t s  a re  pressnteci i n  Table 4-3. 

TAELE 4-3 

ATTENUATION CHARACTERISTICS OF BLADDER SAMPLE - 

LOSS dB 

4-9 



The coaxlal sample holder was used On an effort to determDne the voftage 
reflectlon coefffclent by means of the tOme d m a O n  reflectometer. 
results of The  tes$ ?nd?cated that the voltage reflectlon coefffclent 
of the bladder rnaterlal Os virtually Omneasurabie, it was concluded 
that from the results of the power transmlssfon tests and the voltage 
reflectlon test that the bladder materfal was transparent to mtcrowave 
energy On the 2 to 8 GHz frequency rsglon. 

The 

- -a ! 

x- i3  I SOLATOR . MAVEGU I DE 
KLYSTRON -’ SWITCH -P 

a 
t- A -  

COVER FLANGE COVER FLANGE 

b 

- 
: 

.> .. . ! 

X-BAND WAVEGUIDE 
(RG 54/U) 

1 - 
POkER SAMP.I!E IO dB 
METER . HO L+.D ER ATTENUATOR 

. . ... .. . 

,. . . 
HOLDER FOR BLADDER - 8 TO 12 GHz FREQUENCY RANGE 

FIGURE 4-6 
.. .. . . . 

i . - I ... . ... .. : 

BLOCK DlAhFUM OF EXPERIWEWAL SETUP - 8 TO 12 GHr FREQUENCY RANGE 

FIGURE 4-7 
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4 3 TECHN I Ql 'E A EXPER I MENTAT I ON 

Experimentation on the  technique A ou t l l ned  'In Paragraph 3.4.1, Sectlon 
I l l ,  was d i rec ted  toward v e r i f y i n g  predic ted system response t o  f l u i d  mass. 

4,3.1 Tests Conducted 

Prel iminary system t e s t s  were i n i t i a t e d  t o  ob ta in  uniform i l l um ina t ion  
o f  t he  cav i t y  i n t e r i o r .  The experimental setup i s  shown i n  Figure 4-8. 
The probe type antenna was then chosen f o r  f u r the r  t e s t s .  4 p rope l lan t  
simulant, Transformer O i !  Type IOC, was then used i n  the  c a v i t y  I n  
order  t o  opl-imize the  system response range. 
former O i l  (Type IOC) are  I n  correspondence w i th  those of NzO4. 

The proper t ies of Trans- 

RF 
CRYSTAL 

DETECTOR 

ST!?IP CHART 
RECORDER 

EXPERIMENTAL SETUP FOR PRELIMINARY 
SYSTEM TESTS ON TECHNiQlJE A 

FIGURE 4-8 

A W - l e s  o f ' t e s t s  were run w l th  the  scale model SPS tank w l t h  +he 
in te rna l  haidware. The r e s u l t s  o f  t he  p a r t i a l  loadings are  shown 
i n  Figure 4-10 which cor re la tes  w i th  the  theore t ica l  curve of 
Figure 3-27, Section I l l  of t h i s  repor t ,  

4-1 1 



A loadlng t e s t  was conducted for  IO$ Incremental loadlag of Trans- 
former 011, The d8S!r8d response was obhlned for the t a n k  ?n  the 
v e r t l c a l  hoi-izontal and inver ted pos i t ions.  Figure 4-9 shows t h e  
experfmental setup used. 
and the  average value of i h e  response 1s p l o t t e d  in Figure 4-10, 
‘Tabis 4-5 shows tha  response various angular pos l t ions  fo r  a 50% 
f l  I I Ing. 

The data obtalned i s  shown i n  Table 4-4 

SlNGLE ANTENNA EXPERIMENTAL SYSTEM 

FtGURE 4-9 

TABLE 4-4 

LOADING DEPENDENCE - SPS TANK EXCLUSIVE OF INTERNAL HARDWARE 

FRACT I ONAL F: I LL I NG 

0.0 

0. I 

0.2 

0.3 

0.4 

0.5 

0.6 
0.7 

0.8 
0 .9  

VERT t CAL 
~ __  

265 

I73 
t 52 

I23 

I l l  
i 04 

I02 
91 

90 

99 
78 

4-12 

RES PONS E 

HORIZONTAL 

265 

I59 
i 32 

I14 

IO0 
96 

83 

90 

82 

84 

78 - 

T 
265 
I62 
I33 
I12 
98 

93 

90 
86 

75 
80 

78 _c- 
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ANGULAR POSlTlON (DEGREES) 

I O  

30 

45 

GO 

75 

RESPONSE 

I07 

I16 

I13 

I04 

I05 

The tank was then assembled w l th  a l l  i t s  l n t e  ,a1 per turbat lons t o  
study the  e f f e c t  of t he  per turbat lons on the  response. 
3 8 t  up such t h a t  uniform tank I l lurn inat ton was obtalned. 
shows the  response ob-talned. 

The tank was 
Table 4-6 

TABLE 4-6 

LOADING DEPENDENCE - SPS TANK INCLUSIVE OF ALL INTERNAL HARDWARE 

FRACTIONAL F I  LLI NG 

0.0 

0. I 
O e 2  

0,3 
0.4 

0.5 

0,6 

0.7 

0.8 

0.9 

I .o 

4 .3 .2  DIscussOon 

HORIZONTAL 
~ 

235 

I87 
I42 

I16 

I12 

IO0 

92 

80 

77 

73 

72 

RESPONSE 
VERTICAL 

- 

235 

I69 

131 

I 15  

I04 

99 

a8 

SO 

67 

62 

70 

I NVERTEO 

235 

181 

I27 

99 

97 

94 

78 

70 

76 

77 

72 

I n  cornpartson w l th  the  response o f  the  matched tank wi thout  in te rna l  
perturbat lons,  t he  above t a b l e  was I n  c lose agreement, even though 
the  volume was reduced by approximately 15% due t o  the  in te rna l  per tur -  
t a t  ions . 
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The response of the  empty tank y le lded response lnd l ca t i ve  of  t he  new 
volume, However, t he  response shown i n  Ftgure 4-12 was comparable t o  
the  expected response w I t h  a I oss sens It 1 v i  t y  beyond the  40% f i I I po in t  . 

- 

4 , 4  TECHNIQUE 6 

On the  basis of the  analysts ou t l i ned  I n  Paragraph 3 . 4 . 3 ,  Sectlon I l l ,  
experlments were conducted t o  study the  response obtaf ned from 
Technique 6. 
O l l  as a simulant for N204 t o  v e r i f y  the  theo re t f ca l  p red ic t ions  out-  
l ined  i n  Sectlon 1 1 1 .  

Test1r.g was performed on a Itmlt.ed basis w i th  Transformer 

4.4 I Tests Conducted 

Prel  frnlnary t e s t s  were conducted t o  conf i rm the  optlmum response. 
t e s t s  were conducted w i th  the  experimental setup I n  Figure 4-11, over 
var lous frequency bands and t h e  r e s u l t s  a re  shown I n  Flgures 4-13 
through 4-16. 
for smal I p a r t f a l  f f  I I lngs bu t  no s e n s f t l v l t y  a t  h igher f i  I I l n g s .  
d lscon t inu l t i es  present ? n  the  response are a t t r t b u t e d  t o  the  f a c t  
t h a t  t he  Olluminatton was no t  y e t  'uniform. 

These 

Tk,e general t rend o f  tha curves shows a high s e n s l t l v l t y  
The 

CRYSTAL. 

METER 

RAYSFORMER k 7  
EXPERIMENTAL SETUP FOR TECHNIQUE C ON SPS TANK 

STR I P 
CHART 
RECORDE 

--- 

FIGURE 4-11 
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A probe antenna was used, and the  tank pos!tlcneb i n  a manner such 
t h a t  t he  probe was o u t  o f  l i q u i d  a t  a l l  times. The r e s u l t s  of t he  
experiment are show I n  Table 4-7. 

TABLE 4-7 

STATIC LOADING TEST-SPS TANK 
TECHNIQUE 6 

FRACT I ONAL F I-LL I NG 

0.0 

0. I 

0.2 

0.3 
0.4 

0.5 
0.6 
0.7 

0.8 
0.9 

RES PONS E 

117.0 

102.0 
96 -0 

94.4 
92.8 
91.3 
90.5 
86.4 
56.4 
83.2 

4.4.2 Discussion 

The response i s  showrt i n  Figure 4-17. 
4-18 -that t he  response was s i m i l a r  t o  t h e  Technique A, w i t h  a loss of  
s e n s i t i v i t y  f o r  loadings above 30%. 

I + ' &  apparent from Flgures 4-i2 and 

The response f o r  N204 would be o! tnG s m e  form w i t h  a s e n s i t i v i t y  Improved 
t o  a m a t 1  extent. 
not  be of any different nature than the  response shown i n  Flgure 4-17. 
statement Is made from a comparison of the  predicted response o f  N2O4 and 
Aerozlne 50 o r  MMH. I f  reference i s  cade t o  the  theory iechn'lque B 
(Paragraph 3.4.3, Section t l l )  t h e  response for a l l  these propel lants  i s  
near ly the  same. Thus, no rea i  d i f f e rence  should be expected between the  
response o f  t he  system .to these three fl.ulds. Di f ferences could p o s s i ~ l y  
show up i f  a more exact analys is  Is made, b u t  tt 'Is no t  expected t h a t  a 
significant d' l f ference between the  more exact and approximate theory would 
be found. This i s  founded on the  comparison of the  general form o f  t he  
approximate t h e o r j  and the  experimental resul ts ,  which both show a decrease 
I n  system s e n s i t i v i t y  a t  higher f r a c f i o n a l  fillings. 

However, tne response for MMH and Aerozine 50 would 
This 

4.5 TECHNIQUE C 

On the  basis of t he  theory out1 ined irt Paragraph 
were conducted t o  prove the  f e a s i b i l i t y  o f  Techn 
the  ove ra l l  system response t o  f l u i d  loading and 
f o r  reo r ien ta t i on  o f  t h e  tank were t he  experlmen 

3.6, Sectton I l l ,  Pxperiments 
que C. A determlnation o f  
t he  proper tank I I lumination 
a l  goals. 
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4.5 I - Tests Conducted- 

Tile data obtafned from Tschnlque C are shcwn I n  Table 4-6, where the  
c y i f n d r f s a l  ax i s  of the  tank was v e r t i c a l  i t a n k  v e r t l c a l ) .  Table 4-8 
? s  t he  data ' f o r  a p a r t i c u l a r  dec is ion cond l t rcn  i n  the  data processor, 

TABLE 4-8 

LOADING DEPENDENCE - TECHNIQUE C 

FRACTIONAL FtLLlNG 

0 ,oo 
0.10 

0.20 

0.30 
0.40 

0.50 
0,GO 
0.70 

0,80 
0 ,go 

VERT t CAL HOR I ZONTAL 

I05 

131 

I59 

I66 

181 

189' 

I30 

I42 

I30 

125 

I05 

i 25 

I45 

161 

171 

157 
I23 

I47 

I35 

I29 

1 NVERTED 

I05 

I30 

I52 

I69 

I 99 

I37 

I33 

I24 

149 

I26 

The response Is shown I n  Figure 4-18. 
40% loading, a f t e r  whfch the  response deter lorated. 
e i t h e r  the  presence of l f q u ? d  around the  antenna o r  t c  the  cha rac te r l s t l c  response 
of t he  tank. Gofng t o  the  l l q u l d  e f f e c t  on the  antenna, the  de ter to ra t ion  I n  
response was found t o  occur w'fth a Teflor, guard around the  antenna. The Tef lon 
antenna guard was then i-eplaced by a KsI-F guard. 
of  KeI-F are  s f m f l a r  t o  Transformer 011, no 'Impedance change should be found as 
the  I l q u l d  nears the  antennao The p a r t l a l  response Is shown I n  Flgure 4-19, 
showing +hat the  non-l l n e a r i t y  was s t l l  I present. 
and Kal-F guards was found t o  have n o  e f f e c t  on the  raspo.rlse. l,t was then f e l t  
t h a t  t he  reason f o r  non- l lnear l ty  ? n  the  response was due t o  the  cha rac te r f s t l c  
response of tb\e tank. 

The response was almost I Inear u n t ?  I t he  
This  could be a t t r l b u t e d  t o  

As the  d le Iec t r * i c  cha rac tc r i s t l cs  

Varying the  dIameter of Tef ion 

I n  order  t o  check the  cha rac te r i s t i c  response, -i-he 
pos i t i on  such t h a t  t he  antenna was e l t h s r  ou t  o f  I 
antenna was Bn I fquld a t  a.1 I t lmes, Loadlng t e s t s  

tank was pu t  i n  a hor 
qutd a t  a l l  t'?mes, or 
were ccnducted fo r  bo 

zonta I 
the  
h cases. 
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The r e s u l t s  are shown i n  f a k l e  4-9. 

TABLE 4-9 

STATtC LOPIDING TEST - SPS TANK 

FRACTIONAL FILLING 

0. I 

0.2 

0.3 

0.4 

0 * 5  

0.5 

0 , '7 

0.8 

0.9 

I .o 

TECHNIQUE C - 
RESPONSE 

I N  L IQUID I OUT OF LIQUID 

-.._ 
330 

368 

358 

338 

366 

368 

36 I 

356 

366 

I40 

I46 

I58 

151 

I45 

I53 

I55 

I65 

I79 

--- 

The response obtatned Is shown I n  Flgure 4-20. The non- l lnear l ty  was s t i l l  
present around the  40% po in t ,  Th is  suggested That It was not  due who1 l y  t o  
the  presence of the  I lqu id .  The experiment was repeated w i t h  the  antenna I n  
l l q u l d  a t  a l l  times. The response obtalned Is shown I n  Ffgure 4-21. This 
response had no resemblance t o  the  response obtained w i th  the  antenna ou t  of 
I lqu ld ,  
t o  the  presence of t h e  I I q u i d  around the  antenna as wel l  as t he  tank cha rac te r l s t i c ,  

Thus, the  response shown e a r l l e r  (Figure 4-18) could be a t t r i b u t e d  

A response was a l r o  recorded f o r  tho  antenna i n  and ou t  o f  l i q u t d  t o  ob ta in  a 
comparative st.udai- between the  two types o f  responses, \.e., Technique A and 
Technique C. Table 4-10 shows t he  ddta obtained f o r  Technl'que A I n  and ou t  
of l i q u i d  f o r  an incremental loadlng. 
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TAaLE 4-10 

TECHNIQUE A RESPONSE FOR PROBE I N  AND OUT OF LIQUID 

FRACTIONAL F I LL I NG 

0. I 

0.2 

0.3 

% FILLING 

RESPONSE 

I30 

144 

I49 

10 

20 

30 
40 
50 

60 

70 

80 

90 

IO0 

RESP 
I N  

I48 

I 12  

95 

I02 
89 

87 

78 

85 

'70 

78 

4s E 
OUT 

~~ ~ 

I40 

I I O  

86 

75 

73 

69 

67 

69 

65 

69 

The two responses a re  p l o t t e d  i n  -Flgures 4-22 and 4-23. 

?he change i n  response due t o  t h e  presence o f  t he  l i q u i d  was a t t r i b u t e d  t o  the  
dlsturbance of the  e l e c t r l c  f i e l d  around the  antenna by t h e  d i e l e c t r l c .  

To reduce the  e f f e c t  o f  t he  variance i n  t h e  e l e c t r i c  f i e l d ,  t he  probe was re- 
placed by a loop antenna. The loop couples more s t rong ly  t o  t h e  magnetic f i e l d  
than t o  the  e l e c t r i c  f i e l d ,  thus reducing t h e  inf luence o f  t h e  l i q u i d  on t h e  
an-tenna, 
i n  Figure 4-24 and i n  Table 4-11. 

It i s  seen t h a t  t he  overal I system response t o  f l u  i d  load'i ng i s  now fa1 r i y  I inear 
over the  loading range, I O  t o  90%. 

A loading.curve, w i t h  t h e  loop ou t  of l i q u i d  produced a response shown 
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H radome then was placed over the  antenna i n  order t o  reduce the  e f f e c t  of t he  
f l u i d  on the  e l e c t r l c a l  f i e l d  near the  antenna. 
the  experlments were repeated. 
was I n  o r  ou t  of l iqu' id a t  a l l  tlmes. This produced responses shown i n  
Figures 4-25 and 4-26, and the  data Is shown i n  Table 4-12. 

This a l t e red  t h e  coupling, thus 
The tank was posi t ioned such t h a t  t he  antenna 

0.7 

0.8 

0.9 

I .o 

TABLE 4-12 

STATIC LOADING TEST-SPS TANK-RADOME PROBE GUARD 

99 

95 

81 

77 

FRACT I ONAL F I LL! NG RESP( 

0.2 

0.3 

0.4 

0.5 

0.6 

68 

93 
88 

93 

NS E 
OUT 

36 

40 

53 

70 

79 

83 

81 

I 77 

76 
-- 

I n  comparison w i t h  t h e  response shown i n  Figure 4-21, which was f o r  a probe 
antenna 1 n I lqu I  d, a great  improvement 1 n response was obtained due t c  the  
change i n  couplfng. 
strong and t h e r e f o r e  non-linear. 
repeated. 
and 4-28. The data Is shown I n  Table 4-13. 

The response does suggest t h a t  t he  couplfng was too 
The coupl ing was reduced and the experiments 

The rssponses obta lned.wi th  reduced coupl lng are shown i n  FYgures 4-27 

TABLE 4-13 

. STATIC LOADING TEST-SPS TANK-LOOP ANTENNA 

I+ FRACT I ONAL 'F I LL t NG 
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I t  i s  apparent from the  s l m l l i a r i t y  o f  t he  responses t h a t  t he  e f f e c t  
o f  t he  l i q u i d  present near the  probe i s  g rea t l y  reduced, due t o  The 
improvement i n  coupl ing and the  radome sh ie ld ing  the  loop antenna from 
the  l i q u i d ,  The non- l inear i ty  Os a t t r i b u t e d  t o  sove overcoupiing s t i l l  
present I n  the  system. 

l h e  coupl ing was al tered, and a p a r t i a l  loading t e s t  conducted, i n  urder  
t o  v e r i f y  t he  expected l i n e a r i z a t i o n  of the  response. Thti loading t e s t s  
were conducted wf th  the  c a v i t y  i n  -the two posi t ions,  i.e., antenna ou t  
of I t q u i d  a t  a l l  times, and antenna i n  l i q u i d  a t  a l l  t imes. The response 
are shown i n  Figures 4-29 and 4-30, 

The form o f  t he  responses were s im i la r ,  but  the  slop? obtained w i fh  the  
antenna ou t  of l i q u i d  was lower than i n  l i q u i d ,  This was s t i l l  a t t r i b u t e d  
t o  the  change i n  coupl ing due t o  the  presence o f  t he  l i q u i d .  

A v e r t i c a l  loading t e s t  was conducted w i th  a change i n  coupl ing and the  
response obtained shown i n  Figure 4-31; The response was l i n e a r  w i th  a 
maximum deviat lon from i i n e a r f t y  o f  3% of t he  f u l l  scale readings. 
dev ia t ion  was present a t  on ly  one f 1 I !  Ing. The remaining loadings 
deviated * 1 %  of the  f a 1  I scale reading, 
tank a t  an angle t o  the  v e r t i c a l  t o  v e r i f y  repea tab i l i t y .  
i s  shown I n  Figure 4-32, The dev ia t ion  from I l n e a r i t y  is more pronounced 
where the  antenna i s  f i r s t  Immersed i n  the  i i q u i a .  

This 

The 'rest was repeated w i t h  the  
The response 

4 . 5 2  Qiscuss ion 

Technlque C y ie lded the  most favorable response of the  th ree  gaging 
techntquos s tud ied w i th  a large degree o f  repeatF5i I i t y .  The main 
problem Po be overcome i s  the  e f f e c t  of the  d i e l e c t r i c  on the  antenna. 
I t i s  f e l t  t h a t  t h i s  could be achieved by fab r i ca t i ng  a large radome 
of low d i e l e c t r i c  constant which would keep the  l i q u i d  away from the 
antenna, This f e e l i n g  i s  based on the  f a c t  t h a t  the  response wf th  
d i e l e c t r i c  loading was near ly l i n e a r  as long as the  probe d i d  no t  
penetrate the  l i q u l d .  Slnce the  f a b r i c a t i o n  of the  radome involved 
changes on the  tank, it was f e l t  t h a t  t h i s  was t ime consuming a t  
t h i s  stage, and thus, was no t  performed, 

A comparison of  the  experimental data i n  Paragraph 4*5, w i th  the  
predic ted response f o r  N204 shows t h a t  t he  experimental data was 
more l l n e a r  than the  predic ted response, 
theory and experiment though s t i l l  ex is ts ,  which makes it worthwhile 
t o  use the  predic ted wponse  for  N2O4 a i d  Aerozine 50 as a guide for  
what t o  expect crf t k  technique for those f lu ids,  I t  appears t h a t  
opara-tion o f  t he  system i n  a tank which e x h i b i t s  i: f a i r  loss over a 
frequency region where the  d i e l e c t r l c  constant and loss tangent of 
the  f l u l d s  i s  reduced from t h e l r  100 MHr values gives some s e n s i t i v i t y  
a t  h igh loading, This  i s  i n  con t ras t  t o  the  Technique A o r  Technique B 
which p red ic t  almost t o t a l  loss o f  s e n s i t i v i t y  a t  h igh f r a c t i o n a l  
loadings. Again, making use of the  fac t  t h a t  t he  N20 
more I 1 near ( s  imu I an t  used 1 than expected, t he  prsd i c4ed Tech t i  f qiie C 
response f o r  Aerozine 50 and MMH would be expected t o  be more I i tiear 
also, 'ThIs would lead t o  less of a loss o f  s e n s i t i v i t y  a t  h igh 
loadings. I t  would thus appear t h a t  more expecfat ion of a useful  
system s e n s i t i v i t y  over the  f u l l  f i l l i n g  range could be made f o r  
Technique C w i th  Aerozitie 50 and N204 than w i th  the  o ther  two techniques, 

A good comparlson o f  t he  

response i s  
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5. I 

SECTION V 

IMPLEMENTATION OF THE RF TECHNIQUE 

INTRODUCTION 

The fo l lowing sect ion gives a descr ip t ion of the  elements required f o r  
the lmplementation o f  t he  RF gaging tecf-rIcyles as f l i g h t  hardware. 
elements were selected f o r  t h e i r  ab i lOty  t o  meet both Phs e l e c t r i c a t  
and envlronmental system design goals given 'In Section I t ,  

The 

I n  the  f i r s t  p a r t  of t h i s  sect ion the  system operat ional  components, -- 
c h a r a c t e r i s t l c  s e n s i t i v i t y ,  and accuracy are given. Next t he  components 
are de ta i l ed  as t o  t h e i r  p r i n c i p l e  of operat ion and a b i l i t y  t o  meet o r  
bo deslgned t o  f u l f i l l  t he  system goals. Because many of the  components 
are t h e  same I n  each system, they are presented as a group t o  avoid 
repe t? t ton ,  Where d i f ferences do e x i s t  
sor, they w e  presented r e l a t i v e  t o  eac 

Some remarks on f a i l u r e  e f f e c t s  and r e i  
components; These are of a pre l iminary 
the  present s t a t e  of the  system d e f i n l t  
system components ?n  greater  d e t a i l  w i i  

as i n  the data or s ignal  proces- 
system. 

a b i l t t y  are made for c r i t i c a l  
nature only, though, because of 
on. A f u t u r e  d e f i n i t i o n  o.f the. 

permit  a complete f a i i u r e  e. f fect  
and r e l i a b i l i t y  analys is  t o  be made. 
recommendations, Section V I I .  

Thls d e f i n i t i o n  i s  c u t l i n e d  i n  the  

5 2 SYSTEM CHARACTERISTICS OF RF GAGING TECHNIQUES 

From the  theo re t i ca l  predtc t ions of Section I l l  and the  experimental 
r e s u l t s  o f  Section I V  an o u t l i n e  o f  t he  s e n s i t i v f t y  and accuracy of the  
three RF gaging techniques can be presented. 
system Is presented alor;g w i t h  i t s  operat ional  sequence. 

These responses to  p rope l l an t  'oading f o r  each system are based on the  
accompanylng b lock dlagram and operat ional  sequence, The compor,ents 
which w ?  I I perform the  operations are presented i n  the f o l  lowing discus- 
ston o f  c l r c u f t  components. 

A block diagram o f  each 

5.2.1 Technique A 

The implementatfon of a Radio Frequency Gaging SySten; u t i l i z i n g  
Technlque A i s  shown i n  Figure 5-1. 

C 
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The use of t h i s  technique or the other  two f o r  gaging a number of tanks 
appears feastble. 
t o  the desired tank as shown I n  Figure 5-2. 

To dcr t h i s  the output of the RF oscillator 1s switched 

RF 
OSC I LLATOR 

+ 
I 

. 

MULTIPLE TANK EXCITATION 

- * 
A 

, P€CJ 
RF RF 

3SC I LLATOR -0SC I LLATOR 

RF c n 

FIGURE 5-2 

DATA 
PROCESSOR 

The swl tch lng Is c a r r i e d  o u t ' b y  the programmer sendrng a pulse t o  close 
the  proper RF switch and a pulse t o  the  data processor ?ns t ruc t l ng  it t o  
se lec t  the response curve proper f o r  t h a t  tank. The sequencing could be 
r e p e t l t l v e  w i th  an updated readout ava i l ab le  f o r  each l-ank once i n  the  
sequence or by command f o r  on ly  a given number of the tanks a f t e r  some 
are emptied, 

* OSC I LLATOR 
n 

PROGRAMMER - 

If the tanks have widely d i f f e r e n t  e x c i t a t i o n  requlremsnl-s, several 
RF osci I l a t o r s  may be needed t o  cover t h 3 r e q u e n c y  ranges required. 
could be selected so t h a t  t he  data ,processing hardware would remain the  
same and addi t tanal  switching and programming would be added. 
of  t he  RF o s c t l l a t o r  switching i s  shown i n  Figure 5-3, 

These 

The setup 
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Hardware such ast the swftches and sequencers would b& the  same f o r  al I 
three techniquas because sf the  stmi l a r i t y  o f  the e x c i t a t i o n .  Mul.t fple 
sub-units i n  the  data processor would probably be needed t o  convert  t he  
processed signal  t o  mass using the  c h a r a c t e r i s t i c  response o f  each tank. 

The accuracy o f  the system can be obtafned from a 
information on the un' i formtty of the RF i l lu rn ina t  
wl re  f o r  a p a r t i c u l a r  f u e l .  

combination o f  t he  
on and the s e n s i t i v l t y  

The accuracy curve f o r  t he  three propel lants  f o r  echnaque A i s  shown i n  
FigLire 5-4, I t  car? be .seen t h a t  the inaccuracy bs smql 1 Pop. low 
f r a c t l o n a l  f l 1 , l i n g  bu t  r a p i d l y  Increases w i th  increased loading. The 
predicted inaccuracy does not  f a l l  with' fn the  goals, but  shows a use- 
fu lness f o r  gaglng small amounts o f  fue l  very accurately. 

Technlque C 

Paragraph 3.6, Section 1 1 1 ,  o f  t h i s  report,  descrlbes how the  response 
o f  Technique C changes as p rope l l an t  mass Is loaded i n t o  the  c a v i t y ,  
A b lock d'lagram o f  +he Techni@e C of RF gaging i s  shown in Figure 5-5, 

As before with the  Technique A, an expected s e n s i t i v t t y  and mass in-  
accuracy curve can be.made for  the system. The fo l l ow ing  curves are given 
f o r  a s ignal  processor which takes i h e  s ignal  from the  preceding c i r c u i t  
and f i nds  the d i f ference betweer. i t . a n d  a preset constant. This i s  done 
t o  g ive an increasing output w i t h  1nc:aacOng loading, 
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The f 0.5% inaccuracy i n  response i s  combined ,w i th  a normal tzed system 
s e n s i t i v i t y  curve, Figure 5-6, obtained.frotn Figures 3-23 and 3-26, 
Section 1 1  I, and, a mass accuracy obtained as i n  ,Paragraph 5.2.1. The 
r e s u l t  Is shown 1~ Figure 5-7. I t  can be seen *hat The inaccuracy 1s 
below * O,S% up td 25$, loadihg f o r  Aerot ine 50, MMH and up t o  40% loading 
f a r  N$4. Actual I d t h e  ihaccuracy w i  I I probably be lowered t o  k 0.55 
f o r  N#4 over .the .entti.re Ioad?ng range and t o  about f 2% f o r  Aerozina 50, 
MMH duq t o  the  . l-bea\l-zat Ian .of ...the' sens? t I v ?  t y  curve Ind icated by the  
experthenta I d a h ,  for', Transformer 01 I , 

!3,2 d3 Tachn tQue 'B ' 

The-block diqgram of the sysPem rrequlred for the Implemen.tation of 
Technique B Is shown !n Flgure 5-53, 

The sys-bem response curv,e and mass accuracy are p l o t t e d  i n  Figures 
5-9 and 5710, 
f o r  Techn 1 qu6 A, 
Figuras 3-20 and 3-21, Sfrcti,on 1 I I, whi Id the  response Inaccuracy due 
t o  i I lumlnatlon noneuniformity i s  I-aken as f Q.%. 
t h e  Inaccwrjrcy Is above,* 0.5% f o r  16% loading for  Aerozlne 90, MMH,' 
and f o r  28% loadlng f o r  N2O4, 
Technique A, but sttll more than Technique C, 

They. wer$ obtalned In the manner prev ious ly  ou t l i ned  
The n6t-ma I 1 zed response curves are, taken from 

It can be,seen t h a t  

This inaceuraby Is -less than that..of 
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5.3 COMPONENT CHARACTERISTICS 

Because many of the  components are common -50 the th ree  svstems, 
they are not  dlscussed i n d i v i d u a l l y  f o r  each system, except f o r  t he  data 
processors, 
than t h a t  needed f o r  the  o ther  tisio technlques. 

The data ~IOCBSSOI" f o r  the  Technlque A Is more complex 

The select' lon o f  component types for the systems was l i m i t e d  t o  those 
types whlch could meet the  design goals of the  system. 
o f . t h e  components which w i l l  a l low them t o  meet the design goals are 
contained i n  t he  discussion of each component. 

The c h a r a c t e r i s t i c s  

5.3, I - RF Oscl I I-ator and Sweep Generat0.r 

The purpase of the  swept RF o s c ? l l a t o r  Is t o  provide a s ignai  source o r  
e x c l t a t l o n  f o r  t he  tank (resonant c a v i t y ) .  The importance of the  
swept RF source necessi tates a dlscussion o f  the  RF vol tage-tunable '  
o s c i l l a t o r :  

For f l l g h t  hardware systems wtctre power and weight requirements are 
c r i t i c a l ,  a so l l d -s ta te  RF source can be used. 
tunable over an octave, can be used t o  a frequency of 2 GHz. 
technology has shown t h a t  so l ld -s ta te  RF o s c i l l a t o r s  w i th  octave 
tuni; ig are p rac t l ca l ,  bu t  are genera l ly  l im i ted  t o  low-poiier appi icat lons,  
Due t o  the low RF power required t o  exc'ite the  tank or cav i ty ,  develop- 
ment of an RF so l l d -s ta te  o s c i l l a t o r  1s p r a c t i c a l  a t  t h i s  ttme. Since 
the  development o f  a so l i d -s ta te  RF source i s  c r i t i c a l  t o  the  completion 
o f  the  pro ject ,  a prototype tunable o s c i l l a t o r  was designed, b u ' t l t  and 
tested. The o s c l l l a t o r  uses 3 T i 3 1 3  coaxial  t rans i s to r ,  dn AEL 81200408 
varactor  and coax i a I resorat? ng e I ements . 
the  o s c i l l a t o r  i s  shown i n  Figure 5-11, and a schematlc representat ion i s  
shown i n  Figure 5-12. Coaxial ra the r  than s t r i p l i n e  const ruct ion was 
chosen because It has super ior  environmental immunity qnd greater  
short-terrti stab l I 1 t y  due t o  -the h igher  Q's of the  resonat? ng e 1 ements. 

Sol id-s tate sources, 
Present 

A cross-sect lona I draw i ng 3f 

The o s c i l l a t o r  uses a common base conf igura t ion  w i th  the  resonat ing 
eiement i n  the  c o l l e c t o r  c i r c u i t .  The resonat ing element c o r s i s t s  o f  
a length of coaxial  t ransmission I ?ne approximately one--tenth wave Iengt!) 
long terminated w i th  a varactot-. 
the transmission l ine-varactor  combina+lon i s  e l e c t r l c a l l y  equiva lent  t o  
a vo l tage va r iab le  inductance. This inductance resonates w i t h  the  
col lector- to-base capacitance of the t r a n s i s t o r .  

A t  the  emi t te r  termina; on the t rans i s to r ,  

Triere Is an optimum re la t tonsh ip  between transmtssion 1 i ne  length, t rans-  
mtssion l i n e  impedancis, and max'imum varactor  capacltance t o  ob ta in  maxi- 
mum frequency v a r i a t l o n  f o r  a given t r a n s i s t o r  emitter-to-base capacitapce. 
One method sf computing t h i s  re la- t ionship was developed by C. N, Herbert  
and J . Cnsrnaga. l 4  This  method does not, however, usua I l y  resu I t i n  
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p r a c t i c a l  o r  r e a l l  3ble values of transmission l i n e  Impedance, I n  develop- 
ing the  prototype, a varactor was selected having a reasonable compromise 
between Q, minimum and maximum capacitance change, 
miss?on I'lne between the t r a n s i s t o r  and varactor was chosen on an e#per?- 
mental basis i n  order t o  ob ta in  the  niaximum frequency v a r i a t i o n  for t he  
t c t a l  capacOtance change, 

The length of t rans- 

The o s c l l l a t o r  w i l l  funct ion when the feedback i s  through the emi t ter -  
c o l l e c t o r  capacltance w i t h ? n  the  t rans l s to r ,  or  through coupl ing be-tween 
emitter and co l  l e c t o r  as a r e s u l t  o f  the common base, E l the r  or both 
feedback mechanisms may be, i n  e f f e c t ,  any p a r t i c u l a r  frequency. S i g n i f i c a n t  
output power was not obtalned from thOs s t ruc tu re  u n t i l  a small 4-picofarad 
capaci tor  was added from the  e m l t t e r  t o  ground. 
apparently a l t e r e d  the  emi t te r  c i r c u i t  Impedance t o  achieve a more optimum 
phase eond?t?on f o r  feedback. 

This addi t ional  capacitance 

The ou tpu i  Os AC coupled from t 2 c o l l e c t o r  c ' i r c u l t  by ad jus t i ng  a f l a t -  
ended pickup probe near the  center conductor. The ax ia l  locat ion o f  t he  
connection was determined experimental ly by obtaln?ng maximum f l a tness  o f  
output power versus frequency. Typical p l o t s  of output power versus 
frequency f o r  two locat ions are gfven ?n  Figure 5-13, In the best  location, 
t he  output power was 16 k 2 dBm from 1 . 1  t o  2.0 GHz. 

The tun ing cha rac te r i s t i c ,  i.e., t he  output frequency versus varactor 
voltage i s  given 9n Figure 5-14. No attempt has been made i n  the  prototype 
t o  l i nea te  t h i s  tun ing c h a r a c t e r i s t i c  s ince a nonl inear sweep may be deslred. 

The r e s u l t s  obtained w i th  the  prototype c l e a r l y  demonstrate the  f e a s l b l l l t y  
of an octave bandwidth, sol id-state,  vol tage tunable, RF o s c i l i a t o r .  The 
prototype i s  voltage tunable, w i t h  a power output o f  a t  l eas t  12 d8m, over 
a range from 1 . 1  t o  2.0 GHz. The ove ra l l  package i s  compact, e l e c t r i c a l l y  
e f f i c i e n t  and could be made rugged enough t o  withstand extreme environmental 
condl t lons.  

The present spec i f i ca t i ons  f o r  t he  o s c i l l a t o r  are given below: 

RF .Performance Typ i ca i 

Nominal Frequency Band 1.0 t o  2.0 GHz 

Power Output i n t o  Load VSWR - 1.25 40 mw 

Power Output Va r ia t l on  4 dB 

Fine Gain, Var ia t ion 1.5 dB/TO Mhz max. 
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Speclf I ca t ions  (Can't-1 

Spurlous O s c i l l a t i o n  

Rat io  of Signal t o  2nd Harmonic Output 30 dB 

Rat io  of Signal t o  a i l  o ther  Spurious 60 dB 
ou t  p II t s 

Output Impedance 50 ohms 

Sensitivity t o  Supply Voltage 0.3 MHz/v 

,tesiduaI FM, Peak t o  Peak 5 KHZ 

Frequency D r O f t ,  73O0C t o  t6S°C 5 MHz 

P u l l l n g  Figure, VSWR 1.5:l a t  any phase 5 MHz 

5.3.2 RF Cables 

A large number o f  designs o f  f l e x i b l e  coaxial  cables are  now ava l l ab le  
f o r  RF use. 
d i e l e c t r i c  of s i a b i l l z e d  polyethylene sepat-at ing-the inner and ou ter  
conductors. 
usual ly  copper. 
bra td ,  usual ly  copper, which may or may not be t i m e d ,  
p ro tec t ive  cover i s  usua l ly  v i n y l ,  and i n  some cases armored f o r  addi- 
t i o n a l  protect ion.  .* 

HSgh frequency cables have the  common feature o f  a s o l i d  

The inner conductor may be so,lid o r  stranded, and i s  

The outer  
The ou ter  conductor i s  a s ing le  o r  double layer of 

A t  low frequencies, the  at tenuat ion i n  a cable Is p r i m a r i l y  t he  r e s u l t  of 
conductor losses; and, therefore, increases as the  square r o o t  of the  
frequency. O fe lec t r t c  losses increase t i n e a r l y  v.!th the  frequency, and 

are appreciable, the  cabie at tenuat ion i s  h igh l y  sens i t i ve  t o  frequency. 
<Consequently, the  cab l ing  required f o r  instrumenting a system should be 
minlmlzed t o  avoid excessive power loss. 

become Sncreasingly important a t  h igh frequencies. When these losses 4: 

F-A;erlence has shown t h a t  repea-bed f l e x ;  ng of RF cables may cause the  
center ;onductor t o  s h l f t  i n  the  d i e l e c t r i c  i nsu la t i ng  mater ia l ,  causing 
var ia t ions  i n  the  cha rac te r i s t i c  impedance of the  cable, The use of 
armored cables, w i th  mechanical supports, i s  recommended t o  prevent 
t h i s  occurrence, 

Cables used I n  the  RF system should have low a t t e n l a t i o n  cha rac te r i s t l cs  
as wel l  as low VSWR rat ings,  The use of seml-r ig id cable i n  the  system 
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w i l l  'Insure t h a t  add i t iona l  modes w i l l  not  be generated due t o  the  
movement of the  cab!&. 
below: 

Specl f lcat tons fo r  the  proposed cables are glven 

Mechanical 

Outer Conductor Dlameter 

Inner Conducl-or Dlameter 

Mlntmum Bend 

Character ' lst 

Capacitance 

VSWR 

Atfenuat lon 

fig Radfus 

E l e c t r i c a l  
-_I_. 

c Impedance, 

0,141" 

0.036" 

0.125" 

50 ohms 

30 pF l f i -  

1.05 o r  less 
@ 0-106 HZ 

00 f t  11.5 dB1 
@ I GHz, 

21.1 dE/ 
8 3 GHt. 

00 f t  

5,3,3 Ctrcu l a t o r  

A c l r c u l a t o r  !s .a  f e r r l t e  cievlce w i th  more than two .terminals w i th  a 
charec tw ls t i c  t h a t  t he  input  t o  the  Nth p o r t  appears as .the output  from 
the CNth + I I  port ,  and theore t ' l ca l l y  gives a zero output from any o ther  
por t ,  A c i r c u l a t o r  can be used i n  the  measurerrent of  the re f lec ted  RF 
energy thaf i s  not  t ransmi t ted o r  coupled I n t o  a terminat ion,  For the  
proposed systems, the  e ' l rcu la tor  w i  I I be t;.-ed t o  I s o l a t e  the  i?F input  
from the output, and t o  pass the  re f lec tea  power as showti 3n Figure 5-15. 

5,304 Probes -- 
The radto frequency probe, o r  antenna, i s  ,:sed as a means of csupl ing 
energy Snto and out of the  tank or cav9ty. Basleal iy,  t he  poss lb le  
antenna conf lgurat ions are of two types, t he  loop and the  monopole. 

The rrionopele antenna Is best  su i ted for coupl' lng e l e c t r i c  f j e l d s  i n t o  a 
ca:f i ty, 
coaK?al cable Is extended, as a-probe, i n t o  the  c a v i t y  and w i l l  couple A~ 

To prov'lde e lec t r ' l c  f ' l e l d  coupl'lng, the center conductor o f  a 
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the c a v i t y  i f  it i s  or ien ta ted  w i th  a component o f  the e l e c t r i c  f i e l d  
w i t h i n  the  cavf ty ,  
f l e l d  of a mode termlnates on the  probe, inducing 8 cur ren t  'in it, Con- 
versely, a vol tage appl led t o  the probe produces e l e c t r i c  f i e l d s  ins ide  
the cav f t y  t h a t  may exc t te  o s c l l l a t i o n s .  This  1s a form of capacitance 
eoupl ing, the mayn'ltude of which 'Is determlned by: 1 )  Pfie surface t h a t  
the  monopole exposes t o  -the e l e c t r i c  f i e l d ,  and 2 )  The tn tens l t y  o f  the  
e l e c t r t c  f i e l d  a t  the  p o s i t i o n  o f  the  probe i n  .the cav i ty .  Thus, (for 
example) the  maximum coupl lng i s  obtained i n  a cyt indr ics.1 c a v i t y  opera? 
t l n g  i n  the T M o ~ o  nod9 when the e x c i t a t i o n  probe i s  located on the  end 

However, t he  coup!ing t o  t h i s  mode w i l t  be zero 

I n  coupl ing t o  a cav i t y  w i th  a monopole, the e l e c t r i c  

o f  the  cyl ' lnder, 
probe pro jec ts  i n t o  the  c a v l t y  from the  sPde w a l l  instead of t he  
I ,  

c caupl lng t o  the  c a v i t y  ( tank) may be orovided by terminat ing the  
conduc-ior o f  a coaxial  cable i n  a loop so t h a t  magnetic . f lux  w i t h i n  ~ 

t he  c a v i t y  w i l l  be coupled 1.0 the  cable. A cur ren t  passlng through such 
a loop w i l l  exc i te  oscillations w i t h i n  the  tank, Conversely, o s c l l l a t i o n s  
w j t h i n  the  tank will induce i3 vol tage 'In the  coupl ing loop. The magnitude 
of the  coupl ing can be read' l ly cont;.olled by the  o r ien ta t i on  OS the  loop 
and i t s  locat ion w i th  respect t o  the magnetic f i e l d .  

From the abwe discussion, it can be seen t h a t  the locat lon,  type and 
length o f  antenna used i n  the  RF gaging system i s  important. The 
probe and cable could be made t o  be compatlble w i th  the  Sueis and the  
pressure ar?d temperature environment w i th in  the tanks by proper se lec t ion  
of mater ia ls  and method of i ns t ruc t l on .  The probe w i  I i be pmtec ted  by 
a t e f l o n  radome housing so t h a t  on ly  the  f a r  f j e l d  of the  probe Is 
af fec fed  by the  mater ia l  w l t h i n  the  tank, 

5.3.5 RE Slgnal De->ector 

Setect'loii of the  RF energy coupled through a tank i s  accomplished thrcugh 
the  us? of a crysiil41 or  diode detector,  
l ished by recovering from a modula-bed wave, a voI.tage or cur ren t  wh'lch 
var les i n  accbrdance w i th  the  modulation present on the wave, 

Detection of RF energy i s  eecsn~p- 

Detect 0 on o f  amp I : ude-modu I ated waves 1 s ord I nar i I \I accomp 1 i shed by 
means of a diode r e c t i f i e r .  
shown i n  Figure 5-16. 

A simple c i r c u i t  f o r  a diode dctector  Os 
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DIODE DETECTOR CIRCUIT 

FIGURE 5-16 

A t  each p o s f t i v e  peak o f  exc i ted  voltage: .the capaci tor  cl:ar;lec, up t o  a 
p o t e n t i a l  equal t o  the  peak of appl ied voltage. aetweeil peaks, the  charge 
i n  i-he capaci tor  discharges through r e s i s t o r  R. The resu1-i. i s  t h a t  t he  
dstector  fo l lows the envel3pe of the  RF s ignal  produced by -the tank. 
frequencies above 1,000 MHz, a s i l i c o n  c r y s t a l  diode r e c t i f i e r  ( c r y s t a l  
d e t e c b r )  i s  most commonly used. 

P , t  

The RF s 
detector 
The spe’c 

ignal detector -that w i l l  be used w i l l  be a low-power crysfs l  
e 

i f i c a t i o n s  f o r  9 su i tab le  c r y s f a l  detector are :‘*L7wn below: 
It w i l l  have a s igw l - to -no ise  r a t i o  of  approximately 60 dB. 

Maximum Input 100 m l  I i iwat ts  peak 
o r  average 

Impedance 50 ohms 

VSWR 1.2: I maximum 

Frequency Resgonse 

Frequency Range 

-t 0.2 38 maximum 

1.0 GHr t o  2.0 GHz 
- 

$ + n s i t i v i t y  ’ 0,4 pV/pW minimum 

Oynamic Range 40 dB 

Square Law - t 0.5 dB v a r i r t l o n  
from squat-” law up 
t o  50 mV peak 

Deteqtor E I emant Diode 
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SECTiON V I  

CONCLUSIONS 

The basic program covered here in was se t  up t o  evaluate t h e  f e a s i b i l i t y  oi' 
using the  FIF technique t o  measure the  mass content o f  t h e  SPS tanks i n  The 
LEM System, and t o  r e l a t e  t h e  r e s u l t s  o f  t h i s  study t o  o ther  s i m l l a r  app i i -  
cat ions.  On the  basis o f  t h e  t k e o r e t l c a l  predic t ions,  experimentsl data and 
hardware study, given e a r l i e r  i n  t h i s  rei;ort, the fo l low ing  conciusions c ~ n  
be made: 

i )  An e!ectromagnetic f i e i d  can se t  up w i t h i n  the  tank for a!l cond i t ions  
o f  prope! lant  f i l l i n g  and d i s t r i b u t i o n  which i s  uniform!y inf iuenced 
by the  presence of t h e  propel lant .  The non-uniformity i s  iess than 
4 0.5% o f  the  measurement range. 

2) Three RF-based mass measurement techniques can be pos-t-ulated, using 
t n i s  un i form- i i luminat ion theory. 

3) Sens iP iv i t ies  of g rea ts r  than f 0.1% could be rea l  ized using Technique A 
for  prope l ian t  loadings of up t o  10%. 
s e n s l t i v f t y  o f  t he  measurement parameter i s  l i m i t e d  as p rope l i an t  con- 
t e n t  i s  increased for propel lants,  such as Aerozine 50 and MMH. 

Fowever, i n  Technique A, t h e  

The s e n s i t i v i t y  of t h e  measurement parameter i s  n b i  s i m i i a r i y  l i m i t e d  
i f  -iechniques B and C are used. 
t h e e r e t l c a l l y  possibie, using these techniques. The s e n s i t i v i t y  of the  
proposed systems f o r  a given propei lan i ,  w i l l  be dependent on t h e  tank 
content. 

Basic s e n s i t i v i t i e s  of 4 O . i $  are 

4) The accuracy of the  th ree  techniques i s  l i m i t e d  by the  non-uniformity of 
t he  in f luence o f  the  prope l lan t  on the  electromagnetic f i e i d  and the  
s e n s i t i v i t y  o f  the  measured parameter. The non-uniformiiy i s  e s s e n t i a l i y  
constant over the e n t i r e  loading range f o r  a l l  p rope l ian ts  wh i ie  t h e  
s e n s i t i v i t y  i s  a decreasing func t ion  of loading. The ove ra l l  r es i r ' t  i s  
an accuracy which decreases w i th  increased loading f o r  a i l  p rope l ,  ts. 
Technique C shows the  most promise o f  meeting the k 0.5% accirracy goal 
w l th  a l f  propel lants,  wh i le  Techniques A and B cou!d have an inaccuracy 
less than 4. 0.5% for a low tank content, bu t  not  f o r  a h igh tank content. 

5) The maximum response t ime f o r  a gaging system operat ing on each o f  the 
three techniques explored can be 0.2-second o r  less. 
tank e x c i t a t i o n  and s ignal  processing components are ava i i ab ie  which 
can provide a measurement i n  less than 0.2 second. 

Sweep sources f o r  

6) The system can be made cornpatfble w i t h  the Apollo o r  LEM propel lants ;  
N204-0xidizer, Aerozine 50 and MMH fue ls .  
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7: I n i t a l l a t i o n  o f  t he  proposed gaging systems Tat0 propuis ion system tanks 
w9ll rsqwire minimal mod i f i ca t ion  o f  e x i s t i n g  tank s t ructures.  Th is  
i n s t d i l a t i o n  w i i l  cons ls t  D f  a probe which can be mounted through the  
tank wa!ls o r  on the  center  stand pipe. 

8 )  Gaging system accuracy car! be maiwi-ained independent <if tank pressure. 
Temperature e f f e c t s  on the  f u e l s  can be compensated f o r  i n  the gaglng 
sysfen design. 

91 Theoret ica l ly ,  t he  v i b r a t i o n  and acce le ra t ion  goals should be met by 
such a gaging system, b u t  they were no t  v e r i f l e a  exper imental ly.  

i o )  The maximum system weight should be below 20 pounds, exc lus ive of 
cabl ing, w i t h  the  use of t r a n s i s t o r i z e d  microwave sources and in tegrated 
c l r c u i t s  i n  the  data processor. 

I l l  The system power requirements can meet the  28 vo l ts ,  I ampere, continuous 
cur ren t  w i th  l l m i t e d  5-second, 5-ampere cu r ren t  surge requirements. 

12) The system output  can be made ava i l ab le  as p a r a l l e l  and s e r i a l  b lnary  
s ignals,  or 0 - 5 VDC analog. 

i3) The system can be adapted t o  a v a r l e t y  o f  tanks because of t h e  a b i l i t y  
of the  RF technique t o  un i formly i l l um ina te  tanks o f  a r b i t r a r y  geometrical 
shape. 

14) The systems are capable o f  providing.mass gaging f o r  a quan t i t y  of separate 
tanks. A minimum of add i t tona l  hardware would be needed t o  cover more than 
one tank i f  the other  tanks are s i m i l a r  t o  l-he f i r s t .  

151 The d i e l e c t r i c  properi-ies o f  t he  prope l lan ts  are no t  s a t i s f a c t o r i l y  known 
over the  frequency range of i n te res t .  A meihod is ava i l ab le  t o  make t h e  
necessary measurements, and a program t o  measvre these proper t ies  should 
be fol lowed t o  assure adequate gaging system design. 
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SECTlOh V I 1  

RECOMMENDATIONS 

7. I 

'7.2 

INTRODUCTION 

On the basis o f  t he  study program accomplished by Bendix, t h e  use of Radio 
Frequency technlques t o  gage p rope l l an t  mass aboard o r b l t l n g  space vehic les 
has been proven feas ib le .  The Bendix Corporation recommends t h a t  a hard- 
ware development program be i n i t i a t e d ,  which w i l l  r e s u l t  i n  T h e  implementa- 
t i o n  o f  Technique C as a breadboard system. 

The development of e breadboard system i s  recowmended i n  order  i-o assure 
t h a t  a phys i ca i l y  realizable RF Gaging System can be impiemented. Aithough 
subassemblies have been fab r i ca ted  and tested dur ing the  f s a s i b i l i t y  study, 
a complete system has n o t  been fabr icated. FabricatOon and t e s t  of a com- 
p l e t e  breadboard system w i l l  a l low adeqiiate de f ln ' l t ion  o f  a flight proto- 
type, and w i l i  provlde a t e s t  bed for the solut-'ion o f  any unforeseen problem 
areas. 

HARDWARE DEVELOPMENT PROGRAM 

The fol :owing tasks are recommended i n  order t o  provide f u r t h e r  deveiopment 
of a RF Gaging System f o r  o r b i t i n g  space vehic les:  

Task i - DESIGN BREADBOARD SYSTEM 

The design of a breadboard RF Gaging System w i l l  be based on the 
design parameters estebl ishea from the  f e a s i b i l i t y  study. 
breadboard system w i l l  use a l l  o f  t he  coaponents, or the ' l r  funct ional  
equivalent, required f o r  a prototype system. The breadboard system 
w i l l  not  include packaging t o  a f i n a l  conf igurat ion;  however, It 
w ' l l l  Se packaged t o  a level  s u f f i c i e n t  t o  a l low t e s t t n g  w i t h  scale 
rhodel p rope l l an t  tanks. The fol low'lng tasks will be pertormed i n  
the design phase: 

The 

a) Design 

The tank probes, e l e c t r o n i c  c i r c u i t s ,  mechanical parts,  and 
lnterconnect lng elements required f o r  s ignal  condt t ion ing and 

. data processing w i l l  be designed. Any mechanical pa r t s  re- 
quired for t he  system w i l l  be selected t o  meet the  environ- 
mental requirements. Spec'lal a t t e n t i o n  t o  c o m p a t i b i l i t y  re- 
quirements w t l l  be gtven t o  any components which w i l l  cDme i n t o  
contact  w i th  the  p,-opeIIant. A l l  mounttng hardware required 
w i l l  be defined. 
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b) Propel lant  Measurements 

The Roberts-Von Hippel techniqcs should be perfected f o r  
measuring the  proper t ies o f  l i q u i d s  such as g lyco i ,  benzece, 
etc., before being appl ied t o  the propel lants  i n  question. 
The proper t ies o f  -the propel lants  N2O4, Aeroi ine 50 and MMH 
should then be measured over the frequency range o f  i n te res t .  
This should include the  determination of ?he e f f e c t s  of 
temperature on t h e  propel lants  i n  order i o  decide whether 
temperature compensation methods are needed f o r  the gaging 
systems. 

c )  Theoretical P, Experimental Studias . -  

Further study w i l l  be made t o  'cletter def ine the  theo re t i ca l  
basis for Technique C as a means of mass measurement w i t h  
respect t o  the  propel lanfs  i n  question. Experiments, up t o  
date: have no t  1 nd icated any f u r t h e r  prob I ems besi  des the  
i ' tqu ld  e f f e c t  on the  antenna. The theo re t i ca l  study should 
also be used t o  aetermine whether any major hardware problems 
w i l l  be encountered i n  implementing the  techniques. Methods 
o f  overcoming these problems w i l l  be o u t l i n e d  which may be 
evaluated by experimentation. 

Task 2 - FABRICATE EXPERIMENTAL HARDWARE 

On the  basis of t he  deslgn studies, t he  necessary hardware w i l i  be 
fabr icated f o r  expertmentction. These experiments w i l l  be conduct- 
ed i n  order t o  v e r i f y  t h e  systew c h a r a c t e r i s t i c s  predicted by the 
design studies. These cha rac te r i s t i cs  would include s e n s i t i v i t y ,  
accuracy and response t ime under the expected environmental condi- 
t i ons ,  These experiments w i l l  be conducted w i t h  and wi thout  tank 
i n te rna l  perturbattons I n  order t o  study t h e i r  e f f e c t  on the  
accuracy and s e n s i t i v i t y  o f  Technique C. 

Task 3 - EVALUATE SiGNAL PROCESSING DESIGN 

The e l e c t r o n l c  means of s ignal  processing necessary t o  achieve a 
mass readout w i l l  be evaluated on the basis o f  system accuracy 
and s e n s i t i v i t y .  Invariance t o  propel l a n t  p o s i t i o n  w i  I1 be v e r l f l e d  
by experimentation w i t h  scale model p rope l l an t  tanks. 

Task 4 - SPECIFY SYSTEM COMPONENTS 

A specOfIcation o f  t he  system components required f o r  a t o t a l  
mass gaglng system w ? l l  be made. Th?s s p e c t f i c a t l o n  w ? l I  include 
system operatlonal character?st i ,cs  r e l a t i v e  t 3  the worst tank, 
propel lant  and environmental condi t ions.  Cc.nponeni-s will be 
chosen t h a t  are su i tab le  f o r  f l l g h t  hardware. 
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